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INTRODUCTION
A large number of different sources of artificial light have been 
brought into current use; for example, carbon arc, mercury-vapor, neon, 
sodium, incandescent, and fluorescent types of lamp, etc. Technical 
instructions are abundant for the use of these laiTqps in agriculture 
(13, IB, 51) 55) 55) 62, 68) as well as in related research (35, 50* 61,
62, 63).
Among these lamps, fluorescent and incandescent lamps have been 
considered the most practical and suitable sources of artificial light 
for plant growth. Each of these lamps has certain advantages and dis­
advantages, depending on commercial availability, ease of operation or 
installation, and the nature of plant responses to a particular spectral 
region of light, etc. Incandescent lamps, in general, are cheap and 
convenient to install, but they liberate much heat because of high emis­
sion in the infra-red region. They are not commercially available in 
colors that are reliable on a spectral emission basis. Fluorescent 
lamps, on the contrary, are comparatively expensive and somewhat incon­
venient to install, but have higher luminescent efficiency in the 
visible portions of the spectrum and have a lower current consui^tion 
than incandescent lamps. They are also available in a variety of colors 
representing various spectral regions*
However, an entirely satisfactory artificial source of light for 
plant growth is not yet available, It may be iggwssible to develop a 
definite light source as being the iK>st suitable for various plant 
growth purposes. The choice may depend on the plant and the effect
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
desired. Plant responses to these sourees of light become of great 
inçjortance in choosing laups* The effect of light on plant growth is 
not confined to its role in the rate of growth (photosynthesis), but 
extends to its part in determining the form or habit of the plant 
(photomorphogenesis), and in the induction and control of flowering 
(photoperiodism). Fluorescent lamps appear to be a more promising 
light source for photosynthesis, whereas incandescent lamps are superior 
for plant moiphogenic effects and control of photoperlodism, because of 
their differences in spectral emission and luminosity (13, 55). Plants 
respond differently to different light qualities as light intensity 
varies. There is a marked difference in plant response to various light 
qualities (65); and it is an extremely complex study, as van d©r Veen 
states (6l), to solve the problems involved in plant growth under colored 
light. The relation of light quality to photosynthesis is coxtçjlex and 
in many phases still uncertain, Stoughton (55) states that we need more 
data from a wider range of experiments before we can be sure of the 
relation of spectral quality to photosynthosis, and that such informa,» 
tion is of more than académie importance, since it will help in detei-- 
mining the characteristics needed in the most efficient and economical 
Ught source for surtifioial illumination of plants.
In fact, not only is production of couEnercial fluorescent lamps 
increasing, but also use of the lamps in greenhouses and elsewhere for 
growing plants, either as the total source or a auppleüfântary source of 
light (18, 27, 60).
While some work has been dona on the effect of various light 
qualities of fluorescent light on growth and photosynthesis of plants 
in the vegetative phases, not much is known of such effects on mature or
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
reproductive phase of growth. As an extension of previous studies 
(22, 23, 25), therefore, the present work was undertaken to determine 
the effects of various fluorescent light qualities on plant growth, in 
conparison with common incandescent lamps alone or in conbination.
Since previous work has provided a substantial quantity of information 
on the effect of seedlings (23) and other vegetative phases (22, 25), 
particular enqphasis was placed on the more advanced stages of plant 
growth, that is, fruit and seed production during the reproductive 
period and excluding effects of light on the vegetative phases. Use of 
light qualities at higher intensity than in previous experiments was 
also of interest in this study.
A dwarf pea, cultivar "Little Marvel," was chosen for experimental 
use, not only because it is an economically important plant, but also 
because it has a relatively short life-cycle, genetical purity, dwarf­
ness, self-fertilization, and other convenient features, as was stated 
by Went (66).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
REVIEW OF LITERATURE
Abundant literature has been published on the relationship between 
light and plant growth as related to photosynthesis. Both normal sun­
light and that from artificial sources have been extensively used to 
study this relationship, However, there is only a small number of pub- 
lications concerned with effects on plant growth of light intensity and 
quality from fluorescent sources. All of this previous work has been 
concerned exclusively with effects on the seedling stage or with the 
entire life histories of plants under experimental conditions. No 
studies have been conducted on the effects of varying light intensities 
and qualities solely on mature plants in their reproductive stages, after 
they have been grown vegetatively under uniform conditions,
]%ny publications were reviewed by Rabinowitch (57) on results 
obtained from various species growing under normal sunlight conditions. 
Host of these show a linear relationship between photosynthetic rate 
and an increase in light Intensity, although some showed a curvilinear 
increase. Blackman and Wilson (6) working with several annual plants, 
including peas, reported that "the net assimilation rate during the 
season of active growth is linearly related to the logarithm of the 
light intensity," Thomas and Hill ($8), working with alfalfa under 
field conditions, found saturation light intensity at 5700 foot-candles 
during the summer and at 35CX) foot-candles during the autumn, Kramer 
and Decker (37) demonstrated that the photosynthetic rate in loblolly 
pine increases with light intensity up to the highest intensity used, 
which was almost full sunlight at an average of 10,000 foot-candles, 
whereas hardwood plants reached their maximum at one-third or less of
5
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full sunlight. Under growth-chamber conditions, a number of workers 
have experimented on dry-matter production of certain legume seedlings 
as affected by different light intensities, Bula et al. (Il) reported 
that dry-matter accumulation in alfalfa seedlings was proportional to 
an increase in light intensity from 750 to 3000 foot-candles. They sug­
gested that saturation light intensity in photosynthesis of alfalfa is 
more than 3000 foot-candles. Gist and Mott (2?) reported a curvilinear 
relationship vjith alfalfa, red clover, and bir.dsfoot trefoil plants. 
Maintaining three different temperatures respectively at 50, 62, and 
80°F., Beinhart (2) found the highest mean dry weight of white clover 
at all temperatures at the highest light intensity he applied, which 
was 2000 foot-candles, It is apparent that saturation light intensity 
for certain legumes does not occur below 3000 foot-candles, at least 
under controlled growth-chamber conditions* Although it has been 
reported that most "sun-plants" show saturation light intensity between 
20C0 and 3000 foot-candles, and "shade-plants" below 1000 foot-candles 
(9), the rate of photosynthesis in Scotch and loblolly pine seedlings, 
in contrast, -^zas shown to be linear over the range 1600 to 65.00 foot- 
candles (17)® The relative yields of seed in cereal crops was indicated 
to Increase proportionately with artificial lights from 500 to 1500 
foot-candles, although there were varietal differences (28).
Using variously colored fluorescent lamps in red, green, yellow, 
pink, and blue regions of the spectrum and white as control at the 
Earhart Plant laboratory, Pasadena, California, Dunn and Went (23) 
determined the saturation light intensities for each of these colored 
lights on dry-weight production of tomato seedlings. Saturation occurred 
at 160 foot-candles with the red, at 630 with the blue, at 1030 with the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
pink, at li*50 with the standard warm white light, at I6OO with the 
yellow, and at I890 with the green. Mien they used mixed light of two 
different colors, such as red plus blue, saturation occurred at a far 
higher light intensity than that with the red or blue alone. These 
saturation curves illustrate a close similarity to the work done by 
Hoover (33) and others (5, 9, 57).
Went (66) stated that a number of different plants show satura­
tion at about lOCX) foot-candles in an artificial light room at the 
Earhart Plant Laboratory, including several varieties of pea plants. 
However, he further stated that when the plants have developed several 
leaves the optimal light intensity is increased, because the lower 
leaves are shaded by the upper leaves, and the lorer leaves receive a 
relatively lower light intensity. He assumed that probably the lower 
leaves will never be saturated by light if they are shaded, although 
the upper leaves of many plants growing under normal sunlight are satu­
rated at the same light intensity. Plants adapt themselves to varying 
light intensity, as Blaokman and lülson (7) also state in their experi­
mental results. In fact, the more light with lAiich a plant is illumin- 
ated, the more leaves the plant $d.U develop. Therefore, older plants 
may require more light intensity to saturate the lower leaves.
The above information, in general, indicates that considerable 
variation may exist in the saturation point for the rate of photo­
synthesis even within the same species as weU as among different spe­
cies. Existence of this variation is particularly apparent in BShning 
and Burnside's study (9) and is emphasised in the review by Thomas (57). 
Many unknown envircniæntal factors may be involved in their photosyn­
thetic activities. Thomas (57) also reviews these factors influencing
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8plants, Qabrlelsen (26), however, found a gradual decrease in the rate 
of photosynthesis with decreasing wave length and no secondary maximum 
in the blue region. He found the rate to be greatest in the red-orange, 
intermediate in the green-yellow, and lowest in the blue-violet. Carbon 
dioxide assimilation in wheat leaves, in contrast, was shown by Stoy (56) 
to have its two greatest peaks at red and blue, and minimum in the green 
region of the spectrum, Vince and Stoughton (65) found that the total 
gain in dry wei^t per unit of leaf area at on equal irradiance tras 
normally, but not invariably, greatest in white, next greatest in red, 
and least in blue-violet, depending on the several species of plants 
they used. This result indicates a balanced distribution of the spectral 
regions, as in white light, may be necessary for maximum photosynthetic 
rate. Rohrtoaugh (59)s working with beans, also indicated that more 
balanced radiation gave greater dry-vraight production than from any 
particular narrow region of the spectrum alone, although dry-weight 
production was almost equal in red and blue, and poorest in green, when 
the separated reglono were compared.
An experiment on the efficiency of fluorescent light utilization 
was made by Dunn and Went (23) with different light qualities on dry- 
weight production by young tomato plants; their work was reviewed 
earlier among light intensity studies. They found that the warm-white 
lamps gave greater yields than any of the other light qualities used, 
vdien total luminosity was considered as a basis of comparison; the pink 
and blue gave the next highest, and the red and green gave the lowest 
yields. Despite the fact that the total luminosity for the red was 
very low, the yield for the red was very high when considered in terms 
of dry-weight production per lumen, which is the basic unit of luminosity.
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This was also true for the blue; for the yellow and green the yield per 
lumen was very low* Therefore, they suggested that red light of high 
luminosity, possibly supplemented by blue light, may produce a rela­
tively superior dry-weight yield. They also found that the addition 
of small amounts of incandescent light to fluorescent light always 
increased the dry-weight yields over those for the fluorescent alone. 
Far-red or infra-red radiation from incandescent lamps was not assumed 
to be Involved in this response, although no definite explanation could 
be given for it (23, 66). Combination of the two light colors, red and 
blue, was also found to give far greater yields than using either of 
these light colors alone. Went (66) concluded from these results that 
perhaps two light-requiring systems are involved in plants. Chlorophyll 
could include both, since chlorophyll shows t w  great peaks of light 
absorption respectively in the red and blue regions of the spectrum, 
which has already been illustrated by Moss and Loomis (51). Dunn (22) 
and Fuller (25), working with lettuce under different qualities of 
fluorescent lampsg showed that rod lamps ware most efficient in both 
fresh- and dry-weight production of the plants, while warm white, blue, 
and pink were less efficient and similar in effect to each other, 
yellow was next, and green was least efficient.
The above information indicates that there are some discrepancies 
and agreement ^ong the results. The discrepancies may be due either to 
different responses of photosynthetic activity in various plants, or to 
differences in experimental conditions as to li^t energy or source, or 
to difficulty in obtaining a narrow band of the spectrum sufficient for 
normal photosynthesis, as was pointed out by Wassink and Stolwijk (65).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Numerous atteKÇ>ts were made by earlier workers to grow plants 
successfully under incandescent as well as other types of artificial 
lançjs (1, 30, 31, 35, 50). Although many experiments were carried out 
on a coiœnercial scale, no light source was found to have a better spec­
tral distribution for dry-weight production than natural sunli^it. A 
balanced spectral distribution of the shorter and longer wave-lengths 
has been reported as ensuring better dry-weight production, and this 
distribution is obtainable with fluorescent lamps, but only a few 
workers (52, 59) have chosen these lamps to study growth of plants,
They have reported that this light source gave fairly satisfactory 
results on plant growth® (Comparative data for fluorescent and other 
light sources have been studied for dry-weight production of certain 
plants, I'Jhen Withrow and Withrow (68) coîsqjarsd the radiation effects 
from incandescent, fluorescent, and mercury-arc sources at equivalent 
foot-candle units on the growth of plants, the greatest dry-weight 
production occurred with the incandescent sources, and the poorest with 
the meroury-aroc Their test of confined light sources showed that the 
greatest dry weight for all species was obtained under incandescent plus 
lowk^ mercury lights® On this basis, they suggested that since the 
mercury-arc emits a greater proportion in blue region of the spectrum, 
supplementing the incandescent lamps with a blue-rich source of light 
might give a much better source of light for plant growth® Parker and 
Borthwick (53) have shown similarly that supplementing the radiation of 
white fluorescent lamps with either incandescent or caïbon-arc lamps 
resulted in greater dry-weight production of plants than radiation from 
either the fluorescent or the other lanps alone®
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Recent publications have pointed out that radiation from incan­
descent lanps is extremely important in extending the photoperiod for 
control of flowering in long-day plants and in causing other morphogenic 
changes in plants. These effects are due to the radiation in the far- 
red region of the spectrum from Incandescent lamps (19, 20). Review of 
literature on the reversible photoreaction between red and far-red 
radiation in morphogenesis of plants is outside the scope of the present 
review.
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MATERIALS AMD METHODS
The following descriptions pertain exclusively to the principal 
experiments, that is, the studies of the effects of light intensity and 
quality. Further information on materials and methods used in the pre­
liminary experiments will be included in the "Results and Discussion" 
section.
Lighting Room
The light equipment for the experiments was located in a large 
room in the basement of the greenhouse. This experimental room was 
built below the ground level with the room floor at depth about eight 
feet. The walls and floor of the room were of concrete, but the celling 
was made of wooden boards which were the floor of a plant physiology 
laboratory above.
Diurnal fluctuations in temperature were controlled by a Westing- 
house alr-conditloner. A timing device was automatically set to give 
16 hours of photoperiod and 8 hours of dark-period each day. Temperature 
was also automatically set to be 21°G. during the photoperiod and 16°C, 
during the dark-period.
A thermograph, located 32 inches above the floor near the center 
of the room, provided a record of the temperatures. Although there was 
no control of humidity and other physical conditions in the room, such 
as the concentration of carbon dioxide in the air, the environment seemed 
to show no significant variation, because of the continuous air-condition­
ing,
12
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This peredttsd testing different light intensities of a particular light 
quality at the same time. Rotating tables were provided to minimize 
positional effects and uneven distribution of illumination on the plants. 
Rotation of these tables continued during the photoperiod only. A 1/3 hp. 
electric motor with an operating speed of 1750 r.p.m., was coupled to a 
gear reducer with a ratio of 30 to 1, to cause the tables, wfiich were 
driven by a flexible neoprene belt, to rotate at a speed of 12 to 16 
r.p.m. Some details of this set-up are shown in Plate 2*
General-lighting area: This was used for planting and growing
the plants until they were old enough to be subjected to the experimental 
conditions, The containers of growing plants were placed on a rectangular 
stationary wooden table (60" x 65" and 25" tall). Three luminaires for 
fluorescent lamps were suspended over this area. The relative positions 
of the luminaire and the containers, emd thus the light intensity at any 
level, remained constant throughout the period during which this area 
was in use. Another similar table and light set-up were provided for 
the same purpose. This table was used whenever the area of the former 
one was inadequate. Some details of the general-lighting area are 
shown in Plate 3.
light sources
For each experiment which included tests of vajTring light inten­
sities and different light qualities, both fluorescent and incandescent 
lamps* were used. These were either alone or in combination, depending 
on the type of experiment being conducted. Four different types of
data on the spectral emission are seen in Table 1«
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Plate 1
Light set-up #1 used for 
testing effects of intensity 
from incandescent sources 
of light.
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Plate 2
Light set-up #2 used 
for testing effects 
of light intensity and 
quality.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
17
Plate 3
General-lighting area in 
which plants were grown 
prior to being subjected 
to experimental conditions.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
18
fluorescent lamps "were available in several colors. Two types of fluores­
cent lamps were available in several colors. Two types of fluorescent 
lançjs were never mixed, but combinations of colors within each type were 
used. Each luminaire held six fluorescent lamps (Plate 2) and had four 
sockets for incandescent lamps at equal intervals. The luminaires were 
suspended from the ceiling of the light set-up by hooks. Ballasts for 
the fluorescent lan^s were kept in a place near the ceiling, thus sepa­
rating them from the luminaires and minimizing heat effects.
Light intensity was measured with a General Electric Multi-cell 
light meter for general purposes and with a Spectra Professional exposure 
meter for any light intensity more than 2000 foot»candles uncorrected. 
Readings of light intensity were taken consistently at the average height 
of the plants: 7.0 inches from the table for 12-day-old plants and 12,5 
inches for 30-day-old plants, these being the stages at which light 
tests were made. Readings were always in "foot-candles," which are 
equivalent numerically to "lumens," The measured light intensities 
ware corrected with the correction factors shown in Table 1 for each 
of the quELLities and the sources of light tested. Thus, corrected light 
intensities were the meter readings multiplied by the correction factors, 
Light set-up #1: The kinds of incandescent lanp used here were:
General Electric heating lamp, reflector type, 150 watts; Champion incan­
descent lamp, frosted type, 200 watts; and Sylvania incandescent lamp, 
transparent type, $00 watts. Various light intensities could be obtained 
by suspending the luminaires at different heights and by adjusting the 
number of lamps per luminaire.
light set-up #2: a. Methods of measuring light intensity effects.
Fluorescent lamps of the 96-inch VHO type supplied by the Sylvania Electric
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Conç)atxy, and 96-inch T-8 slimline fluorescent lamps supplied by the 
General Electric Gonçiany, were used in this set-up for the study of 
intensity. The number of lanç)S was always six per luminaire. The VHO 
lamps were very efficient in brightness, and available in three different 
light qualities. The two colored lamps ware specially manufactured by 
the Sylvania Electric Company for these experiments. The three light 
qualities used were: cool white, red, and blue. These lasqas were used 
alone or as a combination of two colors, three lançis each alternating 
with three lamps of one other color. Light intensity of the mixed 
light quality was determined in a similar manner to that described 
later in "methods of measuring light quality effects," Although the 
luminosity of the GE fluorescent lamps was not as great as that of the 
VHO lamps, the GE lamps were used as standards against which to measure 
the efficiency of the other lamps and were compared among themselves as 
to light intensity effects. The light qualities of the GE fluorescent 
lamps matched ï-ri.th those used in the VHO lamps, except for the additional 
use of the GE standard warm white lemp for a further comparison,
Thei'e were six of the rotating tables beneath each luminaire.
By slanting the luminaire, each table was subjected to a different light 
intensity. The three luminaires in this set-up ïmre all slanted at 23^^ 
each at the same height level. Thus, the highest intensity within each 
conpartment could be obtained at the lowest end and the lowest intensity 
at the highest end of the luminaire. During the experiment, the light 
intensity of each quality used was compared at six corresponding positions 
in each compartment. No appreciable difference among the compartments 
was found, as is indicated in Table 3* Therefore, the confertments were 
selected at random for use with the various light qualities.
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Warm white* iiOOO-7000 5850 1,13
Cool white* 3750-7000 5850 1.00
Blue* 3100-6000 kkSo 0.1*6
Green* L600-6700 5300 1.U5
Yellow)*- 5000-7500 5850 1.33
Pink-* 5200-7500 6250 0.9k
Red-* 6000-7200 6600 0.58
Incandescent*** 3000-10000 10000 0.99
VHO-cool white** 3000-7000 5750 1.00
VHO-blue** 3500-6300 U350 0.99
VHO-red-** 6000-6900 6550 0.89
a - See the appendix also.
- ÎB ? -
General Electric lamps 
Sylvania lamps
•JHHf Champion lamps
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manner. Table 3> which shows light intensity at each circular table 
located under each light quality when two lamps of the same color were 
used, shows no significant difference among comparable light intensities 
obtained in the three different compartments. Table i* shows the total 
values of the intensity of all the light qualities tested and the 
position where each light quality was tested in the three compartments.
General-lighting area: All lamps used here were k8-inch T-12 GE
standard warm white fluorescent lamps. Light intensity in this area was 
constantly 737 foot-candles* at the vermiculite level of the containers 
(7,0 inches from the table), and 835 foot-candles* at the level of 
30-day-old plants (12 ,5 inches from the table).
General Procedures
Sowing and thinning
In the general-lighting area, seeds of pea (Plsum sativum L, 
cultivar Little Marvel), supplied by the Joseph Harris Seed Company, were 
sown in an artificial medium, "Zonollte" venniculite, in 1/2 gallon 
polyethylene containers* Vermiculite was used because plants will grow 
in it as well as in soil, while it has the advantages of being free from 
pathogenic organisms and also devoid of plant nutrients although capable 
of retaining those supplied, thus permitting uniform conditions to be 
maintained. Each container was 6*5 inches in height, 5.0 inches square 
at top, and k.O Inches square at bottom. Five small perforations were 
made in the bottom to provide for drainage of excess water, one at each
"^ Average light intensity obtained by k8 different measurements 
at evenly-spaced positions at the same level.
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Table 2.—  Synflools used
Symbol________________________  Light quality or source _______
B . . . . . .  Fluorescent lamp, blue*
G  ....... Fluorescent lanç), green*
P .............Fluorescent lanç), pink*
R ........... . Fluorescent lamp, red*
Ï .  ......... Fluorescent lamp, yellow or gold*
¥ ........  . . Fluorescent lamp, warm white*
G¥ . . . . . . .  . Fluorescent lamp, cool white*
I . . . . . . . .  Incandescent lamp, white, 100 watts***
BI . . . . . . .  . Fluorescent blue* plus incandescent lamp***
PI   . . .  Fluorescent pink* plus incandescent lamp***
RI . . . . . . .  . Fluorescent red* plus incandescent lamp***
. Fluorescent warm white* plus incandescent laii^ *** 
BP . . . . . . .  . Fluorescent blue* plus pinlc*
R B .............Fluorescent red* plus blue*
B¥ . .  ....... Fluorescent blue* plus warm white*
rVJ Fluorescent pink* plus warm white*
RG . . . . . . .  . Fluorescent red* plus green*
RP . . . . . . .  . Fluorescent red* plus pink*
H W    . Fluorescent red* plus warm white*
V-C¥ . . . . . . .  VHO fluorescent lamp, cool white**
V-B . . . . . . .  VHO fluorescent lamp, blue**
V - R ......... . VHO fluorescent lanç>, red**
V-RB......... . VHO fluorescent lamp, red** plus blue**
SI.............  Incandescent lamp, white, 500 watts**
I F ....... . Incandescent laitp, infra-red, l50 imtts*
Cl . . , ....... Incandescent lamp, white, 200 watts***
GE . . . . . . .  . General Electric lamp*
V .Sylvania Electric VHO (Very High Output) lamp**-
His cellaneous
fc . . . . . . .  . foot-candle (lumen)
df . . . . . . .  . degree of freedom
L.S.D, . . . . . .  Least Significant Difference
S.S.R, . , . , , , Shortest Significant Range
* Manufactured by the General Electric Couç)any
** Manufactured by the Sylvania Electric Company
*** Manufactured by the Chaug>ion Electric Germany
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Table 3«—  Corrected light intensities in foot-candles of the same 
quality being tested with two lamps for fluorescent light, and three (*) 
or four (**) lamps for Incandescent light in the three different com­
partments of light set-up #2
Compartment #1 Compartment #2 Coaqpartment #3






Mean k2.5 35.7 kk»5






Mean k87.6 388.0 k07.8






Mean Uk.3 131.3 138.0






Mean 79.7 55.3 76.5
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Compartment #1 Compartment #2 Compartment #3






Mean 3k0.0 31+3.5 336.5






Mean 336.3 337.3 31+2.2





__ 39 38 1+2
Mean 219.0 218.0 235.5






Mean 267.7 261+.7 261+.5
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Table k.—  Corrected light intensities in foot-candles of various light 
qualities being tested in the three different conqjartments of light
set-up #2
Compartment #1 Compartment #2 Compartment #3







Mean 259 91 89







%an 756 k2k 183





192 27 k 110
130 151 60
Mean 3k7 kk3 153







Mean 266' 675 816
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Compartment #1 Compartment #2 Compartment #3







Mean 333 519 276
BP (1:1.!+): Y : RG (1:7.7):






Mean 19k 687 387
*  Ratio of the corrected light intensities of the two different 
light qualities. See Table 2 for symbols.
corner and one at the center. Each container was filled to the top with 
the vermiculite. Nine seeds, aH  treated with Arasan, a seed disinfec- 
tant and protectant, in order to prevent disease, were sown in each con­
tainer at a depth of about 0®5 inch, equidistant from each other in three 
rows. Bight days after sowing, the plants were thinned to five per oon- 
tainer, these being spaced evenly.
Growing the plants under lanç>s
After the thinning, the plants were grown in the general-lighting 
area until they were 30 days old. By this time several plants usually 
had started flowering. Twice a week during the growing period, the con­
tainers were systematically rearranged to minimize effects of uneven 
distribution of light intensity.
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Application of nutrients and watering
Normal development of the plants during the growing period and 
the period of the light treatments necessitated addition of nutrients 
since vermiculite contains no appreciable quantity of nutrient elements.
A modification of Hoagland*s nutrient solution used at the Earhart 
laboratory (66) was supplied at the rate of 80 ml, per container twice 
a week. The complete composition of the solution is seen in Table 5® It 
was not found necessary to apply nutrients when 12-day-old seedlings were 
subjected to the light treatments. The plants were watered with tap 
water as necessary.
Placement of plants in the light treatments
After 30 days growth in the general-lighting area, the plants were 
placed under the various light conditions being tested. All the plants, 
before the placement under the lights, were sprayed with a 0 .8# soap 
solution of nicotine sulfate to prevent attack by aphids, and a trans­
parent plastic shield was provided for support. Although some extra 
containers of plants trere grotm in the general-lighting area, growth 
appeared very uniform in all (see Plate 3)p so that seloction of the 
containers to be used in the tests was made at random.
Harvesting, drying, and recording
After the plants had been subjected to the various light treat­
ments for another 30 days, that is, 60 days after the seeds were sown, 
they were cut off at the vermiculite level. All pods more than 1 cm. 
long were collected, and all seeds more than 0 .5  cm. in diameter were 
counted. All of the pods from each container were wrapped in a piece 
of newspaper and dried in a drying chamber for 12 days at approximately
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Table 5.—  Nutrient Solution
The weights of materials listed below are in grams for 100 liters of 
solution.
Macro-nutrient elements














NaFe EDTA (sodium ferric ethylene diamine tetraacetate), dissolved in 
water - stock solution, is later added at a concentration of 5 p.p.m. 
in the solution.
The micro-nutrient element solution is added to that containing the 
macro-nutrient elements, and distilled water is added to bring the com­
bined solution to the required volume.
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50°C« Dry weight of the pods, including seeds, was taken as a measure 
of the yield under the different treatments.
Experimental Technique
Light set-up #1
Three incandescent sources of light were tested at six different 
intensities each, for a total of 18 treatments, conducted two at a time. 
In each treatment there were eight regularly-placed containers of 
plants. The containers were systematically rearranged twice a week.
Light set-up #2
Three compartments were used to test three different light 
qualities simultaneously. In each compartment, the luminaire was slanted 
30 that the six rotating tables were under a different light intensity.
A total of 18 different qualities were tested, three at a time, in the 
same manner with the intensities the same in all cases. After all light 
qualities had been tested, the entire experiment was repeated in exactly 
the same"order. The light intensity at each rotating table is indicated 
in Table k. The experimsnt was started with the three light qualities 
shown in the top row of the table and completed with the three light 
qualities shown at the bottom.
Evaluation of Results
Method of obtaining data
Four different sets of data were taken for the evaluation of re­
sults. All the data were obtained from the results of the light treat­
ments during the 30-day reproductive period, which began with the first 
appearance of opening flowers and terminated with the harvest of mature 
fruit (see Tables 9, 10, 11, and 12, and Figures 3 and k).
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Mean dry weight of poda per plant; In order to compare the 
effects of light intensity and quality on the yield, the mean dry weight 
produced under each set of lan^s, which were equal in height and number, 
was obtained by dividing the total dry weight of five plants in each con­
tainer by five. Thus, the mean dry-weight production per plant was 
obtained. Comparison of the different means was based on this figure 
as a replicate in all statistical calculations.
I^an number of seeds per plant; Although counts would ordinarily 
be considered enumeration data, the data had to be divided by five to 
give the mean number of seeds produced per plant, and the data thus be­
came quantitative, These quantitative data were used in evaluating the 
effects of light intensity and quality. The purpose and method were 
essentially the same as in the case of "mean dry weight of pods per 
plant." The mean number of seeds per plant was used in the evaluation 
of these results because data from preliminary experiments showed iden­
tical responses of the plants to light treatments in both the dry weight 
of pods and the number of seeds produced.
Mean dry weight of pods per plant per lumen: In order to evaluate 
the efficiency of the light intensities and qualities in production, dry 
weight of pods per plant was coirputed as the yield per lumen (foot- 
candle) . Therefore, the mean dry weight of pods per plant was again 
divided by the light intensity being used, and thus the yield per lunmn 
was obtained. Previous workers have also s^plied this method (23, 2k).
Mean number of seeds per plant per lumen; The purpose and mmthod 
of obtaining the yield per lumen were essentially the same as in the 
case of "mean dry weight of pods per plant per lumen."
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Miscellaneous data; A study of the effects of the different 
light intensities on dry-weight production of 12-day-old pea seedlings 
was conducted with "Light set-up #2." Dry-weight increase for five 
days of the light treatment was obtained by subtracting from the final 
dry weight the original dry weight of the same number of plants grown 
for the same period in the general-lighting area.
Statistical methods
A replicate in all analyses is the aggregate production of the 
five plants in a container. In each experiment there were eight rep­
licates, as eight containers were subjected to the same conditions. 
Significance of. differences among the means for each treatment, at the 
5# level, was determined by the analysis of variance, described by 
Snedecor (52), In order to obtain a value for significant difference 
among the means, the tests for the least significant difference 
(L.S.D.) for comparison of eight or fewer means, and the shortest sig­
nificant range (S.S.R.) calculated from the multiple range test, as 
described by Duncan (21), for nine or more means, were applied. These 
tests are described in the appendix.
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RESULTS AND DISCUSSION
Preliminary Experiments
Several preliminary experiments were conducted to determine the 
most satisfactory conditions under which the principal experiments could 
be carried out, and from which results could be obtained for comparison 
with those of the principal experiments.
General tests
In order to establish a procedure for the folloving testa, pre­
liminary experiments were conducted to observe the general growth habit 
and the response of the plants to the different lights.
Equal light intensity; The lights used were of six different 
qualities from GE 96-inch T-8  slimline fluorescent lamps, all at approxi­
mately kOO foot-candles. The test was performed in an area with a 
rectangular wooden table and with two luminaires separated by an opaque 
white plastic curtain. Three tests were conducted ifith two different 
H ^ t  qualities being used each time to obtain data on the six different 
light qualities. General environmental conditions and procedures for 
growing the plants followed those described earlier in "materials and 
methods," However, the seeds were sown under greenhouse conditions, and 
the plants were transferred to the lighting room 12 days after sowing. 
The nutrient solution shown in Table 5 was prepared in three different 
concentrations; doubled- (x 2„0), normal- (x 1«0), amd half-strength 
(x 0®5)s by adjusting the amount of the salts of the macro-elements 
only. Therefore, there were two different treatments being tested, that 
is, the different light qualities and concentrations of the nutrient
33
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solution» In addition, it was considered desirable to determine if 
there was any differential effect of these treatments on two different 
phases of the plant growths growth before blooming (vegetative phase), 
and growth throughout the entire life-history of the plant (vegetative 
and reproductive phases). Thus, it was necessary to harvest the plants 
after two different periods: 30 days after sowing and 60 days after 
sowing.
Tables 6 and 7 show respectively that the dry-weight production 
of tops during the vegetative period and that the dry-weight production
of tops and pods and the number of seeds produced during the entire 
growth period, were always greatest td.th red light and less with blue, 
pink, warn white, yellow, and green, in that order, Plate k illustrates 
the general appearance of plant growth during the entire growth period 
under six different light qualities. However, mean differences between 
red and blue, and between yellow and green, are not significant in many 
cases. The mean dry-weight production of tops differed significantly 
with the three concentrations of nutrient solution used, but the dry- 
weight production of pods and the numbers of seeds did not differ sig- 
nificantly. This experiment with light quality and nutrients showed 
that an increase in the yields was not necessarily proportional to the 
increase in concentration of the nutrient solution in some cases, such 
as vrith yellow and green. Thus it seems probable that the effect of the 
nutrients is greater on the vegetative organs than on the reproductive 
organs; this also seems true with the later growth, but the difference 
is not statistioolly significant. A close relationship between the 
results of yields in the vegetative stage and results from the entire 
growth periods indicates a coisanon "growth correlation" described by Meyer 
and Anderson (39),
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Highest available light Intensity; The number and level of the 
lamps used were varied for the previous test in order to obtain equal 
light intensities of the six different light qualities* However, in 
this experiment the same number of lamps of each quality were suspended 
at the same level, regardless of intensity, in order to study their 
respective efficiencies,
In "light set-up #2," three luminaires were maintained at a 
similar level, approximately ten inches above the rotating table and 
five inches above the plant level* The li^t intensity of each quality 
was then 2321 foot-candles for yellow, 221+6 for green, 165 for red,
2016 for warm white, 670 for pink, and 705 for blue* Three different
light qualities were tested at one time, and the light set-up was 
repeated two times to test the six different light qualities. General 
experimental procedures and other environmental conditions followed 
those described earlier in "materials and methods*" The growth period 
under the larç*s was 30 days after flowering, An_jevaluation of results 
was made in the same manner previously described, e]:c@pt that for each 
light treatment mean results were obtained from ten containers* In 
addition, ten containers of plants were transferred to the greenhouse 
for a co+îparison of daylight with the artificial lights* The time for 
the test was from February 21 to March 23, 1957.
The mean dry weight of pods and number of seeds produced per
plant were greatest with warm white, next greatest with blue, yellow, 
or daylight, lower with pink, and least with red and green (Table 8, 
Figure 1, and Plate 5). However, the mean differences between warm 
white and blue or daylight, and between red and green, in certain cases, 
were not'significant* ¥hen the above data were converted to yields per
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lumen, the results were quite different. As was stated earlier, the 
luminosity of certain colored lanps such as red, pink, or blue, was 
much lower than that of others such as warm white, yellow, or green. 
Therefore, the efficiency of these lamps in terms of the basic unit of 
luminosity, lumen, was of interest. On the basis of the dry weight of 
pods and the number of seeds produced per plant per lumen the most 
efficient light quality was red, the next most efficient was blue, the 
third, pink, the fourth, warm white, and the least, either yellow or 
green (Table 8 and Figure 2). Statistically there was no significant 
difference in the mean yields per lumen between yellow and green. The 
efficiency of the daylight at this time of the year seemed less than 
that of warm white.
These results suggest that a light of well-balanced distribution 
in wave length, such as warm white, is most efficient in production of 
dry weight and number of seeds, when the efficiencies of the total 
luminosity of the six different light colors were compared. This is 
someiAat related to findings of other workers on the efficiency of 
white light (kP, 53, 6k)« However, red and blue were most efficient 
when equivalent luminosity with the lumen basis was considered. The 
latter results are in general agreement with those of the previous test 
at an equal light intensity of the six different light qualities. Also 
the efficiencies of red and blue lights found here are conç>arable to 
those reported by other woikers (23, 2k, 66). This indicates that effects 
of light quality on the vegetative phase of growth are closely related to 
the effects on reproductive phase of growth. There is a "growth corre­
lation" (see Meyer and Anderson; 39) between these two different growth 
phases.
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Table 6,—  Effects of six light qualities at equal light intensity (1+00
foot-candles)and three different concentrations of the nutrient solution
df : Total - 71. Quality - 5, Nutrient - 2, Interaction (QxN)-lO, 
Enror - 5k (* significant at S%» and ^  at 1# level)
A. Effect on the first 30 days of growth (vegetative phase) - mean dry 
weight of tops per plant in milligrams
Cone, of 
nutrient Red W.whitei Green Blue Pink Yellow Mean
X 2.0 515.0 2Q5.0 ik2.5 k02.5 260 .0 lk7.5 278.75
X 1.0 k37.5 180.0 130.0 360.0 2k0.0 125.0 2k5.k2
X 0.5 koo.o 185.0 170,0 292.5 215.0 120.0 230.k2
Mean k50.83 190, OC' lk7.50 351.67 238.33 130.83
F value for mean differences: Quality - 57.03**, Nutrient — kekl*,
Q X N - 3,80**
L.S.D. iS % ): Quality - 51.36, Nutrient -' 3k.28
B, Effect on the total 60 days of growth (vegetative and reproductive 
phases) - mean dry weight of tops per plant in milligrams
Clone, of
nutrient Red W.white Green Blue Pink Yellow Mean
X 2.0 735.0 2k0.0 170.0 777.5 365.0 200.0 klk.58
X 1.0 567.5 267.5 lk5.0 622.5 290.0 225.0 352.92
X 0.5 k22.5 237.5 172.5 397.5 230.5 lk7.5 269.17
Mean 575.00 2k8.33 162.50 599.17 297.50 190.83
F value for mean differences : *Quality - 15.88**, Nutrient - k.5k*j
Q X N - k9.12** 
L.S.D. (5#): Quality - lk9.31. Nutrient - 99.77
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Table 7*—  Effects of six light qualities at equal light intensity (i+00 
foot-candles) and three different concentrations of the nutrient solution
M i i i a j i U i i m a i ' i i ' i i i ihi'ii i i r i i i * r o ' f i ' e g a a a 8 8 a w a g a B a a a g 3 m i J B U i J ' : . n . n w j  u  i i , i m m  ,L i   t t s t \ i i ' r t i ' . M w r . i i 'U L ' i u j j ' f i u i t a g a g e a B M P g r
df: Total - 71, Quality - S, Nutrient - 2, Interaction (Q x N) - 10,
Error - 5k (* si^ificant at 5$, and ^  at 1# level)
A. Effect on the total 60 days of growth (vegetative and reproductive
phases) - mean dry weight of pods per plant in milligrams
Gone. O Î 
nutrient Red W.white Green Blue Pink Yellow Mean
X 2.0 720.0 ko.o 12.5 738.8 285.0 32.5 30k.79
X 1.0 572.5 k7.5 k.O kl7.5 270.0 35.0 22k.k2
X 0.5 372.5 77.5 30.0 3k5.0 227.5 20.5 173.83
Mean 555.00 55.00 15.50 500,1+2 260.83 29.33
F value for mean differences: Quality - 17.21**, Nutrient - 2«3k,
Q X N - 17.58**
L.S.D. (5#)j Quality - l80.9k. Nutrient - not significant
B. Effect on the total 60 days of growth (vegetative and reproductive 
phases) - mean number of seeds per plant
Cone, of 
nutrient Red 1f, white Green Blue Pink Yellow Mean
X 2.0 2.55 0.30 0.10 2.70 1.25 0,20 1 .1 8
X 1.0 1.85 0.35 0.00 1.60 1.20 0.20 0.87
X 0.5 1.90 0.55 0.10 1.35 1.10 0.30 0.88
Mean 2.10 o.ko 0.07 1.88 1.18 0.23
F value for mean differences: Quality - 12.13**, Nutrient - 1.85,
Q X N - 5.68**
L.S.D. (5#): Quality - 0.57, Nutrient - not significant
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Table 8.—  Effects of six light qualities of highest available light
intensity and normal daylight (30-day test period)
df% Total - 69, Quality - 6, Error - 63 
(** significant at 1# level)
A, Mean dry weight of poda per plant in milligrams
light quality; Yellow Green Red W.white Pink Blue Daylight
Light intensity 
in foot-candles! 2321 221+6 165 2016 670 705
Mean dry weight : 61+2 261+ 283 818 501+ 690 572
F value for mean differences in light quality: 23.77**
L.S.D. (5#): 133
B, Mean number of seeds per plant
Light quality: Yellow Green Red W.white Pinlt Blue Daylight
light intensity 
in foot-candles; 2321 221+6 165 2016 670 705
Mean number of seeds; 2.1+2 1.18 0.96 2.90 1.61+ 2.L8 2.81+
F value for mean differences in light quality: 27.39** 
L.S.D. (5#): 0.1+8
G, Mean dry weight of pods per plant per lumen in milligrams
Light quality Yellow Green Red W.white Pink Blue
Mean dry weights .277 .118 1.715 .1+06 .752 .979
F value for mean differences in light quality; 7.55** 
L.S.D. (5#): .671
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Table 8,—  Continued 
D, Mean number of seeds per plant per lumen
light quality; Yellow Green Red W.white Pink Blue
Mean number of seeds; ,0010k •00053 .00582 .OOlkk .00215 .00352
F value for mean differences in light quality: 108.20** 
L.S.D. (5#): .00059
Effects of three different growth periods
Although the effects of different light qualities on the repro­
ductive phase during a 30-day period had been studied in the previous 
test, it was desired to obtain further information regarding effects on 
specific periods of development after anthesis, since the growth response 
of certain plants to light seems to vary with the age and size of the 
plants (7,66).
General experimental procedures followed were those described in 
"materials and methods." However, during the first 30-day growth period 
the plants were garown in the light set-up desoribed below with General 
Electric k8-inch warm white fluorescent Imps of 92k foot-candles^ at 
vermiculite level and Uk2 foot-candles* at the 30-day old plant level.
The light set-up in the lighting room for this series of tests was dif­
ferent from "Light set-up #1 and #2," in that it consisted of a rectangular 
stationary masonite table (53" x 80" and 27" tall) with wooden frames sup­
porting four luminaires, k8 inches long, for both fluorescent and incandes­
cent lamps* The four luminaires were separated by five white enamel-coated
* Average light intensity from 15 different measurements following
the method described for the average intensity in the general-lighting area.
















Figure 1. Effects of six different light
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Figure 2, ïffocta of «Ix different light
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Plat© 4
Pink I ilmi/HiTE I Vello» I Green
Pea plants grown throughout the 
entire growth period under six 
different light qualities at 
approximately 400 foot-candles*
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Plate 5
Pea plants grown in the re­
productive period under six 
different light qualities at 
highest available intensity and 
in daylight.
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curtains, which made four compartments of equal size, for light experi­
ments in the reproductive period. This set-up was used twice in order 
to test seven different light qualities for each particular growth period. 
Studies were made on three different growth periods, 10, 30, and hO days 
in duration after the 30-day vegetative period. Thus the light set-up 
was used a total of six times. The lights used were of seven different 
qualities: red, pink, yellow, green, blue, warm white, and incandescent, 
all at approximately 300 foot-oandles. In order to study the effects of 
a higher light intensity, fluorescent warm-white light at 1500 foot- 
candles was also used. The incandescent lamps were Champion, frosted, 
100-watt, Each treatment for a particular test period and light quality 
consisted of eight containers of plants.
In both previous and present tests, the plants usually started 
flowering 30 days after the seeds were planted under the general-lighting 
area conditions, and the majority of pods attained visible size two to 
four days after flowering, regardless of the light quality and intensity 
used (Tables 9 and 11, and Figures 3 and h). An abrupt increase in the 
nuidoers of flowers and pods formed occurred during the first 10 days. 
Flower formation gradually decreased after 10 days and pod formation 12 
to 17 days after the first flowering. Observations on cessation of 
growth in shoot apices (Plate 7), decrease in flower and pod formations 
(Tables 9 and 11, and Figures 3 and h), and viability of seeds collected 
(Tables 10 and 12) when the plants were grown in the respective phases 
for 30 days indicated that tests of 10-, 30-, and hO-day growth periods 
would be suitable to study effects of the light qualities on maturation 
of the plants.
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The results (Table 13 and Figure 5) indicated that production of 
both dry weight of pods and number of seeds had increased by the end of 
the 30-day growth period, but the increase after the 30-day growth period 
was generally not significant. The plants under some light qualities, 
such as red, blue and incandescent lights, seemed to continue to grow 
although the physiological reason was not known. There was no appreciable 
difference between the effects of the yellow and green lights within each 
of the three growth periods, but differences between the effects of the 
other light qualities were very pronounced. The mean dry weight of pods 
and number of seeds were greatest with high-intensity warm white, less 
with red, blue, incandescent, pink, warm white of the normal intensity, 
in that order, and least with yellow and green light. The general appear­
ance of the plants at the end of the 30-day growth period is indicated in 
Plate 6. Statistical analysis showed that some light qualities do not 
differ significantly from each other in their effects on yield. In terms 
of effects on production, the differences between high-intensity warm 
white and red, among red, blue and Incandescent, and among warm white of 
normal intensity, yellow and green light are not significanto In a few 
cases, differences between mean dry weight of pods and mean number of 
seeds for different light qualities were insignificant.
Maturing processes in pea seeds have been reported to be charac­
terized by a rapid decrease in the percentage of sugar and soluble nitro- 
geneous substances and by an increase in starch and insoluble nitrogeneous 
substances (1+, 10, llj., 15, 38* 59)® These biochemical changes in pea seeds 
seem to be controlled by the activity of the enzyme systems which synthe- 
size starch or insoluble nitrogeneous substances, which are then trans­
ferred from other parts of the plants, such as the leaves and hulls, to
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Table 11,—  Effects of four different light qualities of equal Intensity 
on increase in number of flowers (*) and pods (**) during the reproduc­
tive phase of growth, per kO plants
Days after treatment
lA ght 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29
W. w h ite 9 28 uu 58 6U 71 71 72 72 7U 7U 7it 75 79 79*
(1500 fc) 0 0 12 23 30 33 39 )4l U3 k3 h3 U3 hh iiii. 1^6**
W. w h ite 3 22 L2 56 61 61 61 61 61 61 61 62 62 62 62*
(300 fc) 0 0 2 21 19 23 32 32 32 32 32 32 33 33 33**
Red 5 28 U7 65 70 71 71 71 72 72 72 72 I h 7U 77*
(300 fc) 0 0 2 19 32 U2 L7 148 h9 h9 50 50 50 51 51**
Green 3 18 32 3h 35 35 35 35 35 35 35 35 35 35 35*
(300 fc) 0 0 0 0 1 1 1 1 1 3 3 3 3 3 3**
In c a n d , S 18 32 1|2 U2 12 Itit kh iiii hk ifU U6 U6 U9*
(300 f c ) 0 2 9 23 29 32 3U 3U 36 36 36 36 36 38 39**
Table 12 o—  Effects of four different light qualities of equal intensity
on seed germination, per hO plants
W.white Vf, white Red Green Incand.
Light Î (1500 f c ) (300 fc) (300 fc) (300 fc) (300 fc)
No, o f  seed s  
germinated: 22 2 19 0 15













Figure 3. Effects of three different 
light qualities of highest available 
light intensity on increase in number 
of flowers (*) and pods (**), per 50
plants,
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Figure 4. Effects of three different 
light qualities of equal Intensity on 
increase in number of flowers (^ ) and 
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Table 13*—  Effects of different light qualities on plant growth in
three different growth periods
df Î Total - 191, Quality - 7, Period - 2, Interaction (Q x P) - li^. 
Error - 168 (** significant at 1^ leWl)
A, Mean dry weight of pods per plant in milligrams
Light Growth Period
Quality (Intensity) 10-day 30-day LO-day Mean
W.white (300 fc) 15.68 87.00 67.75 66.88
Blue (300 fc) ID+.OO 333.75 397.38 281.71
Green (300 fc) 2 ,63 9.00 0.00 3.88
Yellow (300 fc) 20.00 0.50 7.00 6 .5 0
Pink (300 fc) 51.00 209 .75 177 .25 146.00
Red (300 fc) 136 .38 381;.38 W;2.13 320 .96
Incand, (300 fc) 96.38 258.88 282 .75 212.67
Wowhits (1500 fc) 157.75 53lt.68 501.63 398 .08
Mean 77.00 227.27 23li.UB
F value for mean differences ; Quality - 12.3l;**j Period - 11.83**,
Q X P - 18.31**
L.S.D. (5^ )s Quality - 123.21;, Period - 71.67
Ba Mean number of seeris per plant
light Growth Period
Quality (Intensity) 10-day 30-day 40-day Mean
Wowhite (300 fc) 0.10 0.1:0 0.53 0.34
Blue (300 fc) 0.18 1.15 1.70 1.11
Green (300 fc) 0.00 0 .03 0.00 0.01
Yellow (300 fc) 0.08 0.00 0 .0 5 0 ,0 4
Pink (300 fc) 0.13 0 .9 0 0.85 0,63
Red (300 fc) 0.75 1 .5 0 1.83 1.36
Incand. ■ (300 fc) 0.35 0 .9 8 1 .13 0.92
W.white (1500 fc) 0.83 1.95 1.95 1.58
Mean 0.38 0.86 1.00
F value for mean differences: Quality - 13.72**, Period - 11.41**,
Q X P - 16.91;**
L«S»Do (5%); Quality - 0.L6, Period - 0.27









Figure 5. Effects of different light qu&lltles 
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Plat© 6
Red I Blue I P/nk | wmmTE | Xellok/ | G/fEEAf
Pea plants grown in the reproductive 
period under six different liglit qualities 
at about 300 foot-oandles.
Plate 7
Cessation of growth in shoot apices 
of pea plants grown respectively under 
pink (P) and green (Q-) light.
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Effects of three different concentrations of the nutrient solution
Previous tests have shown that the plants supplied with the normal 
concentration of the nutrient solution, 80 ml, per container twice every 
week, appeared to grow well under the light conditions, but that variation 
of the concentration of the nutrient solution influenced the dry-weight 
production of tops, but not the dry-weight production of pods and the 
number of seeds, when the plants were grown for the entire growth period. 
The present test was, therefore, concerned only t^rlth the reproductive 
phase, that is, the later 30-day growth period, and -yms conducted to 
determine the effect of three different concentrations of the nutrient 
solution on pods and seeds under various conditions of light quality.
The lights used were the same as those used in the study of the 
"effects of three different growth periods" (section two), and the light 
sources, light set-up, and three different concentrations of the nutrient 
solution used were the same as those described in "equal light intensity" 
under "general tests" (section one) of the preliminary experiment. All 
other environmental conditions were the same as those described earlier 
in "materials and methods." Each concentration of the nutrient solution 
and light quality was tested with eight containers.
The results (Table Ik and Figure 6) showed that the plants treated 
with the three different concentrations under all light qualities tested 
did not differ significantly in mean dry weight of pods and number of 
seeds. However, there was a striking effect of light quality on these 
yields. As in the previous experiments, the greatest mean dry weight of 
pods and number of seeds were obtained with the higher intensity-white 
light, next greatest with red and blue (although the difference between 
the two was not significant), third with incandescent, fourth with pink.
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Table lk«—  Effects of different light qualities on plant growth with
three different concentrations of nutrient solution (30-day test period)
df : Total - 191, Qu^ity - 7, Concentration - 2, Interaction (Q x G)
- ik. Error - 168 significant at 1^ level)
A« Mean dry weight of pods per plant in milligrams
Light Concentration
0*5 X 1*0 X 2*0 Mean
W.^Aite (300 fc) 79.63 91.50 76.2^ 82 .k 6
Blue (300 fo) 352.00 365.88 38k.75 367.5k
Green (300 fc) 3.00 2.50 2.13 2.5k
Yellow (300 fc) 32.38 31.63 k2.50 35.50
Pink (300 fc) 23k.50 196.38 2k3.50 22k.79
Red (300 fc) 338.38 378.25 389.50 368.71
Incand. (300 fc) 271.63 232.50 259.75 25k.63
W, white (1500 fc) 529.00 507.75 5k7.38 528.0k
Mean 230.06 225.80 2k3.22
F value for mean differences : Quality 
Q X C -
- 386,33*>"^  
0.85
, Concentration - 2.k9,
L.S.D, (5%): Quality - 27.k3. Concentration - not significant
Mean number of seeds per plant
Light Concentration
Quality (Intensity ) X 0.5 X 1.0 X 2.0 Mean
W.white (300 fo) 0.50 o.k5 o.k5 0.k7
Blue (300 fc) 1.53 1.68 1.93 1.71
Green (300 fc) 0.03 0.03 0.00 0.02
Yellow (300 fc) 0.28 0.20 0.35 0.28
Pink (300 fc) 1.00 0.78 0.95 0.91
Red (300 fc) l.k8 1.73 1.85 1.68
Incand, (300 fc) 1.05 1.18 1.13 1.12
W.white (1500 fc) 2.18 2.13 2.33 2.21
Mean 1.00 1.02 1.12
F value for mean differencesî Quality - 159.10**, Concentration " 2.98,
Q X C — 0,95
L.S.D, (5%): Quality - 0.18, Concentration - not significant


















Figure 6, affects of different light qualities 
on plant growth with three different concentrationa 
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fifth with the nomal intensity-white, sixth with yellow, and least with 
green.
The above results indicate that a higher concentration or greater 
supply of the nutrient solution is not necessarily an inçjortant factor 
in increasing yields during the reproductive period of the peas used in 
these tests.
There are two possible explanations for the lack of significant 
differences with the different concentrations of nutrient solution used. 
One is that since the plants had been grown in vermiculite with equal 
amounts of the nutrient solutions during the vegetative period, the 
cultural medium might have still contained a certain amount of nutrient 
elements through the reproductive period in addition to those added 
during the course of this experiment* The other is that many plants 
including legumes seem to absorh the majority of their necessary macro- 
(I48) and micro-nutrient elements (3) during the vegetative period, with 
absorption reaching its maximum during the flowering period. The rate 
of absorption decreases after flowering. Nutrient absorption has been 
related to the stage of development of the plant, although the rate of 
absorption varies with the species and environmental factors (k8)*
Effects of three different photoperiods
One other enviix>nmental factor that could be controlled in the 
lighting room was the length of photoperiod based on a 2k-hour-day con­
cept. Although in the previous preliminary experiments and, in the 
later experiments a l6-hour photoperiod with an 8-hour dark-period was 
used as the standard, it was considered desirable to conduct an experi­
ment with shorter and longer photoperiods to determine what effects such 
conditions could have on the production of dry weight of pods and the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
58
number of seeds under different light conditions*
The light sources and set-up used were the same as those used in 
the study of "effects of three different growth periods," The plants 
for the first 30-day growth period (vegetative phase) were grown in the 
same manner and place described earlier in that study. However, the 
light set-up was always covered viith black cloth to maintain photoperiods 
of controlled length, which were not always the same as that of the 
lighting room. There were eight perforations, each about six inches 
square, around the edges of the top of the chamber. To each perfora­
tion a piece of black cloth larger than the size of the perforation was 
attached to prevent leakage of light. These perforations facilitated 
ventilation and maintained a temperature approximately equal to that of 
the lighting room. Temperature readings of the air at the plant level 
in the chamber were conducted at intervals with a Micromax potentiometer 
vrith thermocouples in the four different compartments and the lighting 
room, and were found to be nearly constant throughout the experiments. 
Differences in leaf temperature under the various light conditions were 
presumably not great and not critical to the study, according to Wiggans 
and Shaw (6?)* The following three different photoperiods were testedi 
8-hour photoperiod plus 16-hour dark-period, l6-hour photoperiod plus 
8-hour dark-period, and 24-hour photoperiod without dark-period. Other 
environmental conditions and experimental techniques were essentially 
the same as those described earlier in the study of "effects of three 
different growth periods" and in the general description of "materials 
and methods."
The results (Table 15 and Figure 7) indicate that the plants
showed a proportionate increase in production of both dry weight of pods
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and number of seeds as the photoperiod was lengthened, regardless of the 
light quality and intensity used. Thus continued illumination resulted 
In the greatest yields, and the 8-hour photoperiod (the shortest photo­
period applied in the test) resulted in the least. Here again, the 
effect of light quality was striking, and the pattern of plant response 
was similar to that observed in the previous tests. The mean dry weight 
of pods and number of seeds were greatest with the higher-intensity white 
Ught, next gi-eatest with red, third with blue, fourth with pink or incan­
descent (the mean differences were not significant), next with the normal- 
intensity white, and least with yellow or green. In general the mean 
differences among red, blue and pinlc, among pink, incandescent, the 
normal-intensity white, and yellow, and between yellow and green, were 
not significant within each group.
The above results indicate that the longer the photoperiod the 
higher the yield the plant could produce under the various light con­
ditions, This apparently means that the dark-period is not necessary 
for growth in the reproductive phase for this plant. Not only light 
quality, but also Intensity is important in increasing the yields.
It has been reported that continuous illumination of tomato 
plants results in leaf-injury symptoms (32) and a typical chlorosis in 
the leaves (6?), lAile certain other plants benefit from continuous 
illumination. For example, continuous exposure of young apple leaves to 
3200 foot-candles of light under controlled environmental conditions has 
been reported to result in an undiminished rate of photosynthesis for 
at least l8 days (8), The dry-matter yield of forage plants, including 
field peas, was reported to increase considerably when the daylight 
period was increased from 17 to 2li hours under laboratory conditions (4.5),
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Table 15*—  Effects of different light qualities on plant grovrth with
three different photoperiods (30-day test period)
df: Total - 191, Quality - 7» Photoperiod - 2, Interaction (Q x P) - 14,
Error - 168 (** significant at 1% level)
A, Mean dry weight of pods per plant in milligrams
Light Photoperiod (per day) 
Quality (Intensity) 8-hr l6-hr 24-hr Mean
W.white (300 fc) 10.13 87.00 255.13 117.42
Blue (300 fc) 138.00 333.75 632.13 367.96
Green (300 fc) 0.00 9.00 25.50 1 1 .50
Yellow (300 fo) 0.00 0.50 101.13 33.88
Pink (300 fc) 54.38 209.75 462.25 242 .13
Red (300 fo) 99.38 384.38 663.63 382.46
Incand, (300 fc) 49.50 258.88 381.00 229.79
W.white (1500 fc) 247.75 534.88 988.75 590.46
Mean 74.89 227.27 438 ,69
F value for mean differences; Quality - 7.77**, Photoperiod - 18.00**,
Q X P - 27.44**
L.S.D. '(5%): Quality - 204.85, Photoperiod - 119.34
B. Mean number of seeds per plant
idght Photoperiod (per day)
Quality (Intensity) 8-hr l6-hr 24-hr Mean
W.white (300 fc) 0.075 0 .4 0 0 1.000 0.492
Blue (300 fo) 0.600 1.150 2 .150 1.300
Green (300 fc) 0.000 0.025 0 .0 7 5 0.033
Yellow (300 fo) 0.000 0.000 0 .4 2 5 0.142
Pink (300 fc) 0.450 0.900 1 .5 2 5 0.958
Red (300 fc) 0.475 1.500 2.200 1.392
Incand, (300 fc) 0.275 0.975 1 .275 0,842
W.idiite (1500 fc) 1.225 1.950 3,100 2.092
Jfean 0.388 0.863 1.469
F value for mean differences : Quality - 13.37**,. Photoperiod - 21.99**,
Q X P - 11.95**
L.S.D. 1iS % )t Quality - 0.548, Photoperiod - 0.319
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Figure 7. Effecta of different light qualities
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Also of interest is that when Agrostemma githago and Galinsoga parvi- 
flora were grown under controlled environmental conditions with nitrogen 
concentration of x 1, x 0,1, x 0,01, and x 10 in Hoagland's nutrient 
solution, and temperatures of 26° and 10°C., the greatest dry weight of 
tops and roots were always obtained with 2ü.-hour, next greatest with 
16-hour, and least with 8-hour photoperiod (36), regardless of different 
concentrations of the nutrient solution and temperatures applied. Dunn 
(66) also found that dry-weight production of tomato seedlings was 
greatest when 2L-hour Illumination was given to the plants at 2000 foot- 
candles of fluorescent light, although with continuous illumination at 
1000 foot-candles there were no appreciable differences in effects on 
yields between 2 k - and 16-hour illuminations.
The results obtained from the present test are in general agree­
ment with the above information reported by other workers with different 
plants,
Principal Experiments 
The principal experiments described here ware concerned primarily 
with light quality, although studies of light intensity were involved. 
Since the preliminary experiments provided only very general information 
on the effects of single light qualities and on the effects of intensities 
in one case only, i.e. with warm-white fluorescent lights, additional 
tests were necessary in order to determine the effects of the lights 
being used. From the preliminary experiments, the following procedures 
were chosen as standard for the following experiments : 1. The first 30 
days' growth after sowing, in the general-lighting area was considered 
the vegetative phase of the plant, 2, The second 30 days' growth after
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
63
flowering was considered the reproductive and maturation phase, and was 
the period of the various light treatments. 3* 80 ml, of the nutrient 
solution was applied twice e v e ry week, 4, A l6-hour photoperiod was 
employed.
Effects of light intensity
It was desired to measure the efficiencies of the different inten­
sities and qualities on plant growth and maturity, by comparing their 
intensities at the saturation point, tdiere this could be determined.
With tomato seedlings, Dunn and Went (23) determined the saturation point 
for vegetative growth of each fluorescent light quality and incandescent 
light used. Thus they evaluated the efficiency of the lights by comparing 
each of the saturation points with one another.
Incandescent light intensity: Since incandescent lamps were one
kind chosen for testing, an evaluation of the effects of various light 
intensities of different types of these lamps was necessary. The dif­
ferent kinds of lamps were evaluated by comparing the mean yields obtained 
under con^arable light intensities. Three different kinds of incandescent 
lasg)8 were tested, and six different light intensities were obtained from 
each lamp, ranging from 200 to 2000 foot-candles, as shovm in Table 17.
The test was conducted in "Light set-up j(^l" and followed the experimental 
procedures described earlier.
The results (Table 17 and Figure 8) indicated no saturation light 
intensity for the mean dry weight of pods and læan number of seeds pro­
duced per plant under the three different kinds of lamps® Differences 
in means with the different kinds of lamps were not significant, and 
thus the efficiencies of three kinds of lanps on the plant growth appeared 
to be almost equal. The mean dry weight of pods and mean number of seeds
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per plant per lumen (Table 18 and Figure 9) indicated a gradual decrease 
in the efficiency of the lights as the intensity increased. The mean dry 
weight of pods per plant per lumen showed that the Chançtion incandescent 
lamp was slightly more efficient than the other two, but there were no 
significant differences among the mean numbers of seeds per plant per 
lumen for the three lamps used. The means representing the results of 
each light-intensity treatment, in general, indicated highly significant 
differences among the yields obtained i-ri.th the different intensities 
(Table 16), although some mean differences were not significant aocord- 
ing to the L.S.D. (Table 16).
Fluorescent light intensity test for 30-day growth period in the 
reproductive phase; As in the case of the light-intensity study with 
incandescent lamps, a determination of the saturation light intensity, 
if it occurred, was desirable in order to evaluate the effects of various 
intensities of the different kinds of fluorescent lamps being tested.
The efficiency of the laitps was evaluated with the results obtained under 
each kind or quality of lights in the same manner as that described 
earlier. As high an intensity as possible attempted ivith each kind 
of lamp. This consideration led to the use of some VHO fluorescent 
lamps in the present study.
The test was conducted in "Light set-up #2" and followed the same 
experimental procedures as those described earlier. The six different 
light intensities used with each kind of lamp are shown in Table 20, To 
obtain eight replicates for each light intensity treatment, the first 
test with four replicates was repeated in the same manner for the second 
test. The results of the analysis of variance on the replications are 
indicated in Table 19, and show that differences in the mean dry weight
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Table 16,—  Results of the analysis of variance on effects of light in­
tensity of three different kinds of incandescent lamp (30-day test period)
df; Total - 47, Intensity - 5» Error - 42
(* significant at ** at 1% level)
Kind of lamp F value li.S.D®*
A, Mean dry weight of pods 
per plant in milligrams GI, 200 watts 








B. Mean number of seeds per plant GI, 200 watts 








C, Mean dry weight of pods per 
plant per lumen in nri.ll.igrams Cl, 200 watts 








D. Mean number of seeds per 









For symbols see Table 2*
of pods per plant between the first and second tests were significant 
with six of the nine kinds of lamps tested, while differences in the mean 
number of seeds per plant were significant with three of the nine. The 
differences in the mean dry weight of pods per plant per lumen were sig­
nificant with four of the nine, while the mean number of seeds per plant 
per lumen was significant x-rith only one of the nine. These data suggest 
that the mean dry weight of pods per plant is more sensitive to environ­
mental change than mean number of seeds per plant. However, most of the
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Table 17•—  Effects of light intensity of three different kinds of in­
candescent la iap on mean dry weight of pods and number of seeds per
plant (30-day test period)
df: Total - 17, Light intensity - 5, Kind of laiqp - 2, Error - 10
(** significant at 1^ level)
ivfean dxy weight Mean number
Light intensity of pods per plant of seeds
Kind of lamp in foot-candles in milligrams per plant






Mean: 968 577.25 2.37






Mean: 1027 508.13 2.39






Means 1014 512.58 2.35
F value for mean differences in dry weight of pods per plant:
Light intensity - 35*56**, Kind of laap - 2*96
F value for mean differences in nuBiber of seeds per plant:
Light intensity - 17.43^, Kind of lamp - 0*04
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Table 18*—  Effects of light intensity of three different kinds of in­
candescent lamp on mean dry weight of pods and number of seeds per plant
per lumen (30-day test period)
dfj Total - 17, Light intensity - 5, Kind of lamp - 2, Error - 10
(* significant at $%, ** at 1% level)
Mean dry weight ]Mean number
of pods per plant of seeds
light intensity per lumen per plant
Kind of lamp in foot-candles in milligrams per lumen






Mean; 968 .713 .00304






Mean: 1027 .568 .00278






Mean; 1014 .593 .00292
F value for mean differences in dry weight of pods per plant per lumen;
light intensity - 12,L8**, Kind of lamp - 4,35*
F value for mean differences in number of seeds per plant per Itnmen:
light intensity - 13,62**, Kind of lanp - 0*39
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interactions between the replication and light intensity treatment, 
except that of GE-red plus blue, showed no significance (Table 19), 
indicating that the response of the plants to the treatment in the two 
separate tests was very similar. Therefore, environmental influences 
causing the differences between the first and second tests were disre­
garded, and the data were combined into one series which was subjected 
to the analysis of variance. A summary of the results is shown in 
Table 22.
Even with the high light intensities, the results (Table 20 and 
21, and Figure 10 and 11) indicated no definite point of saturation for 
light intensity on both mean dry weight of pods and number of seeds pro­
duced per plant. Only the VHO-blue and VHO-red plus blue appeared to 
show a saturation point in terms of the yields* at 1130 foot-candles 
with VHO-blue and 8l8 foot-candles with VHO-red plus blue. In general, 
however, the yields for all the lamps tested increased with the light 
intensity. With the GB lamps, when the mean dry weight of pods and 
number of seeds per lumen were considered, maximum light utilisation 
occurred in the middle range of light intensities used for each kind 
of lamp, while efficiency decreased as light intensity increased beyond 
this point (Table 21 and Figure 12). I n  contrast, there were no such 
maxima, but a continuous decrease as light intensity increased i>d.th all 
the VHO lamps used (Table 21 and Figure 13), The increase and decrease 
in the mean yields as light intensity increased, in general, was statis­
tically highly significant, although there ware some insignificant mean 
differences in the changes according to the L.S.D. indicated in Table 19. 
The changes with light intensity in the yields per lumen were not sig­
nificant with the Œ-cool white, GE-blue, and GE-red plus blue, but were
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significant with others (Table 19). This indicated that the efficiency 
of these three lights was similar within the range of light intensities 
applied. %ich higher light intensity may be required to produce a sig­
nificant difference. The general appearance of the plants in this test 
is shown in Plate 8, .
The mean dry weight of pods and the number of seeds par plant 
(Table 22) were found to be greatest with VHO-redj, next greatest with 
VHO-cool white^ third with VHO-red plus blue, fourth î-xith GE-cool white, 
VHO-blue, or GE-warm white (there being no significant differences among 
the means for the last three lanç>s), seventh with GE-blue, eighth with 
QE-red plus blue, and least mth GE-red light. However, the mean yields 
per lumen were shown to be greatest with GE-red or GE-red plus blue, 
next greatest with GE-blue or VHO-red, next with VHO-red plus blue, and 
least with VHO-blue, VHO-cool white, GE-cool white, or GE-warm white. 
There were no significant differences among the means for the last four 
lamps.
Fluorescent light intensity test for ^-day gro^ xth period in the 
vegetative phase: It was not certain from the previous results whether
there is a saturation light intensity with the test plants at maturity,
as was found by Dunn and Went (23) with tomato seedlings, since Blackman 
and Wilson (7) and Went (66) concluded from their results that mature 
plants have several layers of leaves, with the leaves in the lower layeis 
being shaded by those in the upper ones, and that a much higher light 
intensity is thus required to saturate the lower ones. Therefore, the 
following test was conducted to determine wiiether pea plants in the 
seedling stage (when they would not have developed layers of leaves) 
would show such a saturation light intensity®
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Table 19.—  Results of analysis of variance of effects of light Intensity 
of nine different kinds of fluorescent lanps (30-day test period)
df: Total - li?» Replication - 1, Intensity - $, Interaction (R X I) - 5
Error - 36 (* significant at 5%, ** at 1% level)
F value
R e p l ic a t io n I n t e n s i t y  I n t e r a c t io n
Kind o f  l i g h t (R X I) L.S.D»*
A. Mean d ry  w e ig h t o f  pods per plant in milligrams
GE-W 0.13 212.76** 0.3it $0.57
GE-GW 1.29 21.29** 2.20 157.lt$
GE-R 136.0$** 250.60** 0.3$ 28.1t3
GE-B 21.81** HO. 89** 0.U3 1:7.83
GE-RB 6.79* 27.20** 2.96 88.83
V-R 12.70* 23.63** 0.8$ 151.20
7-B 78.09** Ii6.$8** 1.03 79.1:2
V-RB 17.IL 96.29** 0.39 69.1:6
V-CW 2,26 30,6$** 0.$8 158.1:0
B, Mean number of seeds per plant
GE-W 1.67 232.00** 0.20 0.20
GE-CW 0 .8 0 13.$2** 2.10 .76
GE-R U8.50** 17$.$0** 0.36 .16
GE-B 2.08 23.89** l .h l t .W:
GE-RB L.33 31.33** 2.31 .1:0
7-R 0 .3 0 L3.10*4^ 0.20 .36
V-B 13.00* 28.L6** 1.23 .1:2
V-RB 8.2h* 13.88** 0.61 .1:6
V-GW 0.82 lit. 67** 0.73 .77
C. Mean dry w eigh t of pods per plant per lumen i n  milligrams
GE—TfJW 0.001 10.08* 0.$2 0.056
GE-GW 0.82 1.19 1.73 —. M.
GE-R 39.1fl** 13.0$** 1.50 .573
GE-B $.88 1.10 2.U3
GE-RB 6.20 3 *h h 2.08
V-R 12.06* 62,66** 1.0$ .2U5
V-B 23.20** 7.71* 1.95 .162
V-RB 7.1*2* Hi.37** l.lit .212
V-CW 2.81 81.28*# 0.37 ,076





Replication Intensity Interaction 
(R X I) L.S.D.*
D. Mean number of seeds per plant per lumen
GE-W 2.11 10.95* 0.31 0.00029
Gfi-CW 0 .0 5 1 .2 2 2 .0 5 M  M  M.
GE-R 26.86** 17.21** 0.61: .00250
OS-B 0.02 1.32 3.55
GE-RB 0.h3 0.73 39.58**
V-R 0 .5 9 199.77** 0.22 .00067
V-B 6.59 13.01* 2 .1 5 .00068
V-RB 3 .6 0 7.W:* 2 .6 0 .00163
V-CW 1 .3 2 50.65** 0.9L .00053
For sjnnbols see Table 2.
Table 20*—  Effects of light intensity of nine different kinds of fluorés
cent lamps on mean dry weight of pods and number of seeds per plant (30-
day test period)
df: Total - 107. KLnd - 8. Intensity - 5, Replication - 1, Interaction:
I X R - 5, K X R - :1, K X I - UO, I X K X R -LO (* significant at
5%, ** at 1% level)
f^an dry weight Mean number
light intensity of pods per plant of seeds
Kind of lamps in foot-candlee in milligrams per plant
GE-W 373 182 0 .8 0
7L6 39L 1 .83
1017 550 2.33
12U3 668 2 .9 8
1502 71:5 3 .1 5
1921 760 3.15
Mean: H3ii 550 2.37
QE-CW 392 213 0.9L
837 503 2 .2 5
1113 585 2.75
1326 660 2.65
1566 775 2 .9 8
1780 833 3.U5
Mean: H 69 B9B 2.50






Mean dry weight 





GE-R U6 53 0.25
70 129 0.80
87 233 1 .1 5
n o 299 1 .5 0
137 371 1.88
197 h06 1 .9 8
Mean ? 108 2L8 1 .2 6






Mean: 239 389 1,87
GE-RB 60 87 0.55
109 20U 0.95
lU6 307 1 .7 0
177 370 1.95
22ii L18 2 .1 5
278 L68 2 .2 3
Mean: 166 309 1.59






Means 676 ion h.07




1380 ? n 3.22
1890 656 2,83
Means 1072 563 2 .5 0
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Mean dry weight 











Mean: 718 76U 3.30






Mean: 2050 916 3.8U
F value for mean differences in dry weight of pods per plant:
Kind - H6,79**> Intensity - 93.20**, Replication - h.28.
Interaction: I x R - 0.88, K X R - 9.15**; K X I - 3.
F value for mean differences in number of seeds per plant:
Kind - 165.68**, Intensity - 1U6.56**, Replication - 1.66,
Interaction: I x R - 0.69, K X R - 1.96, K X I - 0.90
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Table 21.—  Effects of light intensity of nine different kinds of flu­
orescent lamps on mean dry weight of pods and number of seeds per plant
per lumen (30-day test period)
df: Total - 107. Kind - 8, Intensity - 5, Replication - 1, Interaction:
I x R - 5 *  K x R-!1. K X I - ho, I X K X R - ho (* significant at
5%, ** at 1% level)
Mean dry weight Mean number
of pods per plant of seeds
Light intensity per lumen per plant
Kind of lamp in foot-candles in milligrams per lumen






Mean 3 H3h .h97 .00218






Mean : 1169 .522 .00223






Mean: 108 2.193 .01127






Means 239 1.678 .0062h
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Mean dry weight 













Mean s 166 1.8hh ,00969






Mean : 676 1.729 ,00720




1380 .515 .0 0 2 3 k
1890 .317 .00119
Mean : 1072 .582 .0026h






îfean 718 1.151 .00507






Mean; 2050 .536 .00236
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Table 21«—  Continued
F value for mean differences in dry weight of pods per plant per lumen: 
Kind - 26.60**, Intensity - 1.38, Replication - 5.50*, 
Interaction: I x R - 1.35» K x R - 12,67*^ <-, K x I - 10.87**
F value for mean differences in number of seeds per plant per lumen: 
Kind - 29.56ir*, Intensity - 2,09, Replication - 2.81, 
Interaction: I x R - 1^21, K x R - 5.65**, K x I - 8,57**
When the plants were 12 days old after sowing and had developed 
two or three young leaves under the conditions of the general-lighting 
area, they were subjected to the experimental treatments in "Light 
set-up #2" with the various intensities of eight different kinds of 
fluorescent lights shown in Table 2li. During the experimental period, 
it was not considered necessary to provide plastic shielding or feeding. 
Five days after the start of the light treatment, the tops of the plants 
were harvested and dried in the drying chamber, and the dry weight was 
recorded. The procedure for using a 5-day growth period was derived 
from Dunn and Went’s work (23) on tomato seedlings. The test t^ as 
repeated immediately after the first test. General experimental pro­
cedures in this test folloi^ ied those described in the previous test for 
the 30-day growth period and under the general heading of "materials 
and methods."
The statistical evaluation (Table 23) showed that the difference 
between the first and second tests was significant with more than half 
of the light qualities tested. This indicated that unknown environ­
mental influences were involved, although the experimental procedures 
t%fsre the same for both tests. Most of the interactions between the 
replication und intensity treatment ware not significant, indicating 
that the response of the plants to the light treatments was very constant.
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Table 22,—  Summary of effects of nine different kinds of fluorescent 
lamps and comparison of means with shortest significant ranges (30-day
test period)
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D. Mean number of seeds per plant per lumen (x 10"^)
Table of (2) (3) (L) (5) (6) (7) (8) (9)
S.S.a.*: 201 211 218 220 222 223 22$ 22$
Light: GE-R OE-RB GE-B V-R V-RB V-B V-CW GE-GW G2-WW
Mean: 1127 967 821 720 $07 26U 236 223 218
Underscoring: — _______ ■_____
* Shortest significant ranges (at 5% level).
Underscoring: Any two means both underscored by the same line do 
not differ significantly, othervri.se any tvjo means are significantly 
different.
For symbols see Table 2«



















(D P  
% ,H
Figure 10. Effects of light Intensity of 
OS fluorescent lamps on moan dry weight of 















e - Warm white 
o - Rod 
X - Blue
1000 2000 













1.00 e - Warm white 
o - Red 
X - Blue
1000 2000
Light intensity in foot-candles
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
81
Figure 11, Effects of light Intensity of 
VHO fluorescent lamps on mean dry weight of 
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Figure 12. Effects of light intensity of 
GE fluorescent lamps on mean dry weight of 
pods and number of seeds per plant per 
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Figure 13. Effects of light intensity of 
VHO fluorescent lamps on mean dry weight of 
pods and number of seeds per plant per 
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The analysis of variance (Table 24) for the eight light qualities 
indicated that the difference caused by environmental influences ims 
not significant in terms of both mean dry-weight increase of tops per 
plant and a comparable increase per lumen. However, the respective 
mean differences with light intensities and qualities tested were highly 
significant. Therefore, the environmental effects were disregarded, and 
the results from the two separate tests ïsere combined into one series. 
With each light quality there were highly significant differences among 
the mean results with the six intensities tested, although some of the 
differences were not significant according to the L.S.D, shown in 
Table 23.
The data on mean dry-weight increase of tops per plant (Table 2k 
and Figure 14) also show no indication of a saturation light intensity 
with iTKJst of the kinds of light tested. Only VHO-red and VHO-red plus 
blue showed a slight decrease in the yield at the highest light inten­
sity used. However, the decreases did not seem to indicate saturation 
points, since they occurred with very slight changes in light intensity, 
and the majority of the light qualities did not show such decrease under 
their highest 11ght-intensity conditions.
The data on mean dry-weight increase of tops per plant per 
lumen (Table 24 and Figure 1 $ ) show a gradual decrease in the light 
efficiency as the intensity increased, in accord with the results in the 
previous test (Table 21, and Figures 12 and 13), This phenomenon agrees 
with Gaastra’s conclusion, pre^dously reviewed (25)• Most of the dif­
ferences among the means were significant, according to the L.S.D* shown 
in Table 23®





Pea plants grown In the reproductive 
period under six different intensities 
of GE-warm and cool v;hite (above) 
and VHO-cool white fluorescent light 
(below).
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Table 23•—  Results of analysis of variance of effects of light inten­
sity of eight different kinds of fluorescent lamps (5-day test period)
df: Total - U7> Replication - 1, Intensity - 1 Interaction (R X I) - 5,
Error - 36 (* significant at S%t ** at 1% level)
F value
Replication Intensity :Interaction
Kind of light (R X I) L.S.D.*
A„ Mean dry-weight increase of tops per plant in milligrams
GE-WW 16.88** 48.88** 0 .4 0 6.73
cas-cw 10.87* 12.61** 2.14 11.76
GE-R 0.22 25.12** 1.08 4.93
GE-B 12.80* 26.57** 0.79 7.98
V-R 6.82* 66.45** 0.45 8.92
V-B 17.90** 18.27** 3.90 12.43
V-RB 12.82* 25.35** 1 .1 4 15.47
V-CW 2.91 217.27** 0.12 3.83
B« Mean dry-weight increase of tops per plant per lumen in milligrams
GE-WW 10.79* 27.45** 0.76 0 .008
GE-CW 6.85* 18.29** 3 .03 .012
GE-R 0.49 24.67** 0 .8 9 .059
GE-B 7.71* 21.54** 5.41* .092
V-R 5.19 36.38** 0.45 .015
V-B 7.72* 14.55** 5.24* .027
V-RB 37.16** 65.21** 0.29 .012
V-CV'f 5.71 606.42** 0.08 .001
For symbols see Table 2.
The results of these tv»o experiments, one i-jith mature plants and 
the other with seedlings, indicate with all the qualities tested that 
there was no appreciable saturation light intensity within the range of 
intensities tested. They also indicate that the presence of several 
layers of leaves on the mature plants is not the reason that no saturation 
light intensity is found. Although Went (66) stated that pea seedlings 
usually showed saturation light intensity at approximately 1000 foot-candles
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Mean dry weight 
Mean dry weight increase of tops 
increase of tops per per plant per lumen 
plant in milligrams in milligrams






Mean; 619 71 .126






Mean: 743 56 .091






Mean: 677 72 .119






Mean: 2072 63 .034
F value for mean differences in dry-weight increase of tops per plants
Kind - 27.92**, Intensity - 42,36*^ s-, Replication - 0,27,
Interaction : I x R - 0.35, K x R - 14.05**, K x I - 4.44**
F value for mean differences in dry-weight increase of tops per plant
per lunæn;
Kind - 26.34**, Intensity - 6.74**, Replication - 1,66,
Interactions I x R - 1,01, K x R - 5.68**, K x I - 13,26**
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Table 25«—  Summary of results on effects of eight different kinds of 
fluorescent lamps and comparison of means with shortest significant
ranges (5-day test period)
A, Mean d:py-weight increase of tops per plant in milligrams
Table of (2) (3) (4) (5) (6) (7) (8)
S.S.R,*; 8.2 8,6 8.9 9.0 9.1 9.1 9.2
Lightt V-RB V-R V-W V-B GZ-CW Œ-WW GB-B GE-R
Mean ; 72 71 63 56 56 53 46 29
Underscoring;
B. Mean dry-weight increase of tops per plant per lumen in milligrams
Table of (2) (3) (4) (5) (6) (7) (8)
S.S.R.*; .057 .060 .062 .062 .063 .063 .064
lights Œ-R Œ-B V-R V-RB V-B GE-VM GE-W V-CW
Mean; .295 .241 .126 ,119 .091 .049 .049 .034
Underscoring;
* Shortest significant ranges (at 5% level).
Underscoring: Any two means botl: underscored by the same line do
not differ significantly, otber^dse any two means are significantly 
different.
For symbols see Table 2.
in his rooms with artificial light, the present pea cultiver and environ­
mental conditions probably did not allow saturation in the effects of 
light. In general, the above results are similar to those obtained by 
other workers with other legumes (2, 11, 29) which did not show a 
definite saturation light intensity under their lighting conditions.
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Effects of light quality
Since no saturation light intensities were indicated in the 
previous teats, comparison of the light intensity of each quality, as 
were applied by Dunn and Went (23), would not be successful in evaluating 
the effects of light quality. In most cases in the previous tests, the 
mean dry weight of pods and number of seeds per plant showed a linear 
increase with the first three or four light intensities used with each 
quality. This suggested that results with available intermediate light 
intensities of each quality might be suitable for the purposes of 
evaluation of the efficiency of the light qualities. This was accom­
plished by comparing the means of the yd.elds obtained under the lights 
in the same manner described earlier in the study of light intensity as 
well as under the general heading of "materials and methods.”
The results of the analysis of variance on the replications are 
shown in Table 26, They indicate that differences in the mean dry 
weight of pods per plant between the first and second tests were sig­
nificant with six of the 18 light qualities tested; in mean number of 
seeds per plant they ware significant ihth sevsn; in mean dry -weight of 
pods per plant per lumen %d.th seven; in mean number of seeds per plant 
per lumen with six. These results indicate differences caused by un- 
known environmental factors. The analysis of variance for all the light 
qualities tested (Table 27 and 28) indicate that the replications of the 
test did not differ significantly in the mean dry weight of pods per 
plant and that per lumen, but did differ significantly in mean number 
of seeds per plant and that per lumen. However, this environmental in­
fluence was considered to be negligible, since none of the interactions 
between the replication and light-intensity treatimnt was found to be 
significant. This indicated that the plants in the first and second
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tests responded very similarly to the light treatments. Therefore, 
data from both tests were combined, and the combination was regarded 
as one series.
The results of the treatments with light intensity (Table 27 
and 28) show that both mean dry weight of pods and number of seeds per 
plant with all the qualities increased with the light intensity, and 
the increases wore highly significant (Table 26). However, the yields 
per lumen reached a maximum in the middle range of the light intensities 
used Tzith each quality. As light intensity increased, there a marked 
increase with the first two to four intensities, followed by the peak, 
and a gradual decrease with the last two to three intensities used, Th® 
changes, in general, were significant, although some, particularly with 
the mean nunher of seeds per plant per lumen, were not. A higher intensity 
of the lights was found less efficient than a lower one when the yields 
per lumen were computed. This agrees with results obtained by other 
workers with different plants (23, 24, 25).
The mean dry weight of pods and nimiber of seeds per plant 
(Tables 27, 29 A. and B«, and Figures 16 and 17) were found to be greatest 
with either warm white alone or warm white plus incandescent light. The 
results with these two lights were not significantly different. The 
next greatest mean dry weights of pods per plant were obtained in the 
following orders blue plus Incandescent, red plus incandescent, blue 
plus warm white, pink plus incandescent, red plus warm white, blue plus 
pink, pink plus warm white, blue, incandescent, yellow, red, pink, and 
red plus pink. The least yields vmre obtained with red plus green and 
green alone, that with green being slightly lower. When the efficiencies 
of individual light qualities as used in combination were coï3ç>ared, blue
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Table 26,—  Results of analysis of variance on effects of light intensity
of 18 different light qualities (30-day teat period)
df: Total - 471 Replication - 1, Intensity - 5, Interaction (R x I) - 5» 
Èrror - 36 (* significant at 5^ , ** at 1% level)
Kind of light
F value
Reolication Intensity Interaction 
‘___________  (R X I) L.5.D.*
A, Mean dry weight of pods per plant in milligrams
RI 0.41 342.41** 0 .3 2 ' 38 .10
RB 24.17** 32.49** 1.76 89.33
R 13.79** 19.39** 2 .92 103 .98
WI 137.06** 629.13** 0.18 31 .20
PI 2.77 190.62** 0.61 48.91
PW 1.15 56.35** 1.67 57.33
P 1.13 26.42** 2.12 81.54
BP 0.89 25.15** 2.01 60 .05
0.68 129.05** 0.65 47.71
RP 22.24** 8 5.44** 0.45 40.19
BI 3.82 989.19** 0 .1 0 46.97
Blf 5.67 115.62** 0,78 51 .61
B 9.33* 122.05** "0.58 42.45
I 0.61 88.31** 1 .2 9 58.78
G 4.15 17.70** 4 .6 9 66,46
W 0.26 36.71** 2.90 112.81
Y 1.67 4 4.60** 0.94 61 .06
RG 7.45* 26.99** . 2.02 60.05
iean nuirher of seeds per plant
RI 0.18 48.68** 1.20 0.39
RB 36.88**- 70.63** 0.41 _ .25
R 13.91-*** 22.27** 1.75 .17
WI 38.89** 96.11** 0 .7 6 .31
PI O.BO 61.36** 1 .2 3 .34
Phf 4.22 4 3.44** 1 .0 5 .29
P 0.00 51.43** 0.95 .24
BP 2.73 36.82** 1.43 .17
RM 9.07* 28.72** 2.61 .43
RP 107.50** 291.25** 0.26 .10
BI 4.05 54.52** 0 .9 0 .32
BW 0 .1 6 73.75** 0.84 .29
B 19.29** 242.14** 0,18 .14
I 1.27 28.91** 1.32 .17
Q 3.30 13.04** 3.57 .17
¥ 2.78 35.89** 1.64 ,46
Y 10.49* 28.54** 1 .0 5 .33
RG 1.10 17.80** 2.68 .33
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Table 26.—  Continued
F value
Replication Intensity Interaction
Kind of light (R X I) L.S.D.j
C. Mean dry weight of pods per plant per lumen in milligrams
RI 0.40 129.88** 0.24 0.117
RB 35.68** 8.33* 0.06 .948
R 68,91** 33.55** 0.69 .500
WI 15.64* 8.29* 2.92 .152
PI 0.66 40.95** 0.46 .168
FW 2 .0 6 4.34 3.37
P 1.40 9.26* 2.67 .295
BP 0.66 3.27 2.32
RW 0.85 7.07* 1.21 .150
RP 40.28** 34.16** 0.23 .166
BI 2.37 112.40** 0.27 .108
BW 15.99* 27.02** 0.15 ,065
B 7.62* 9.63* 0.86 .364
I 2.01 7.87* 2.31 .332
G 6.04 17.81** 2.13 .062
¥ 0.87 5.79* 1.05 .101
Y 2.82 6.54* 0.91 .097
RG 8.36* 5.12* 3.88 .191
D, Mean number of seeds per plant per lumen
RI 0.00 11.83** 1.02 0.00152
RB 13.65* 4.10 1.76
R 18.73** 7.97* 1.62 .00399
m I5.48i^ 4.00 2 .9 0
PI 0.02 21.13** 0,59 .00104
PW 3.41 1.55 1.73 « . W  w —  M . W
p 0.16 16.04** 1.28 .00100
BP 0.93 2.01 2.63 «  M  «  . w w n t
RW 15.06* 4.27 1,19
RP 37.79** 20.18** 0.75 .00106
BI 4.48 16.46** 1.18 .00134
BW 0.99 1,66 3.59
B 6 .0 6 3.93 0.65
I 0,08 9.57* 0.94 .00136
G 3.32 9.35* 2,16 .00048
W 4.50 3.00 1.05 — — — —
Y 9.90* 2.67 1.17
RG 2.36 4.36 3.39
For symbols see Table 2,
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Table 27.—  Effects of light intensity and quality on mean dry weight of
pods and number of seeds per plant (30-day test period)
df: Total - 215, Quality - 17, Intensity - 5, Replication - 1,
Interaction; Î x ]R. - 5. (i X R - 17, Q X I - BS, Ï X Cl X T  - 85.
(* significant at 5%, ** at 1% level)
Mean dry weight Mean number
Light intensity of pods per plant of seeds
Light quality in foot-candles in milligrams per plant
RI 62 52 0.28
113 176 0.78




Mean: 259 354 1.49






Mean; 91 280 1.32






Mean ; 89 234 1.04






Mean; 756 459 1.90
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Table 27.—  Continued
%  an dry weight Mean number 
Light intensity of pods per plant of seeds 
Light quality_______  in foot-candlea in milligrams
PI 86 30 0.13
153 166 0.85




Mean j 333 330 1.37






Mean; 519 275 1,28





u m 3h2 1.36
Mean: 276 227 0.99






Mean: 19U 286 1.55






Mean: k2h 311 1.50
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Table 27.—  Continued
Mean dry weight Mean number 
Light intensity of pods per plant of seeds 
Light quality__________ in foot-candles
HP 79 L2 0.18
129 127 0.53











Mean: 317 362 1.56






Mban: UU3 331 1.55






Mean: 153 274 1.33






Mean 268 258 1.12
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Mean dry weight 











Mean : 675 136 0.71






ïfean; 816 453 2.05






Mean: 687 254 1.14






Mean: 387 180 0.83
F value for mean differences in dry weight of pods per plant:
Quality - 16.70**, Intensity - 1713**, Replication - U.26, 
Interaction: I x R - 0.91, Q x R - 6,US**, Q x I - 5*93**
F value for mean differences in number of seeds per plant:
Quality - 22.25**, Intensity - 229.87**, Replication - l4.6l**. 
Interaction; I x R - 0,83, Q x R - 4.00**, Q x I - 2,97**
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Table 28.—  Effects of light intensity and quality on mean dry weight of
pods and number of seeds per plant per lumen (30-day test period)
dfr Total - 215* Quality -17* Intensity •. 5, Replication - 1, ^
interaction: I x R - 5* Q X R - 17. Q X I - 85. I X Q X R - 85
(* significant at 5%, ** at 1% level)
Mean dry weight 
of pods per plant
Mean nurabe; 
of seeds
Light intensity per lumen per plant
Light quality in foot-candles in milligrams per lumen






Mean; 259 1 .403 .00612
RB 32 1.793 0.01099
48 3.719 .01824
63 4 .008 .01984
77 3.719 .01819
147 2 .911 .01325
179 2.673 .01159
Mean; 91 3.137 .01535
R 46 .823 0 .00490
70 2.064 .01036
82 2 .343 .01008
92 2 .9 0 6 .01303
104 3 .1 9 0 .01488
i4o 3 .094 .01250
Mean; 89 2 .403 .00399






Means 756 .580 ,00245
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Mean dry weight 






PI 86 .349 0.00145












i-iean; 519 .512 . .00241





4x1: .8 2 6 .00334
Mean; 276 .746 .00332
BP 79 .931 0 .00539
130 1.584 .00846
187 1 .4 2 1 .00778
224 1 .6 6 1 .00836
260 1 .523 .00856
284 1 .4 2 1 .00786







Mean; 424 .702 .00347
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Mean dry weight 











Mean: 183 1.069 .00469






Mean : 347 1.018 .00461






Mean : 443 .735 .00351






Mean: 153 1.688 .00821






Mean: 268 .940 .00429
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Table 28,—  Continued
Mean dry weight Mean number
of pods per plant of seeds
. _ — Light intensity per lumen per plant
light quality in foot-candles in milligrams per lumen






Mean : 675 .178 .00094






Mean : 8l6 .559 .00257






Mean: 687 .352 .00161






Mean: 387 .430 .00201
F valu© for mean differences in dry weight of pods per plant per lumen: 
Quality - 450*86ii*-, Intensity - 15.24**, Replication - 2*96, 
Interaction: I x R - 0*99, Q x R - 23«53*^S Q x I - ?.08**
F value for mean differences in number of seeds per plant per lumen: 
Quality - 51»77**, Intensity - 11*57**, Replication - 6.19*, 
Interaction: I x R - 1,97, Q x R - 8.51*’^, Q x I - 3*45**
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s t i l l  gave much g r e a t e r  y ie ld s  th a n  re d ;  f o r  e x a n p le , b lu e  p lu s  in c a n ­
d e sc e n t and b lu e  p lu s  warm w h ite  p roduced  h ig h e r  y ie ld s  th a n  re d  p lu s  
in c a n d e s c e n t and re d  p lu s  warm w h ite  l i g h t .  I t  i s  n o tew o rth y  t h a t  
a d d i t io n  of in c a n d e s c e n t l i g h t  to  any  f lu o r e s c e n t  l i g h t  r e s u l t e d  in  a  
much g r e a t e r  y i e ld  th a n  e i t h e r  o f  th e  l i g h t s  a lo n e .  When l i g h t  q u a l i t i e s  
were compared in their efficiencies when a lo n e  (unmixed), th e  greatest 
yields w ere o b ta in e d  w ith  warm whitej, the next greatest w ith  b lu e ,  th e  
t h i r d  w ith  in c a n d e sc e n t o r  y e llo w , th e  f i f t h  w ith  re d  o r  p in k ,  and th e  
l e a s t  ;d_th g re e n . The above r e s u l t s  ag re e  w ith  th o  r e s u l t s  p r e v io u s ly  
o b ta in e d  in  the " g e n e ra l  t e s t s "  o f  the p re l im in a iy  expeidLments.
Similar patterns of response to  the light qualities tested were observed 
with both the d ry -w e ig h t production and the mean number of seeds per 
plant.
XiJhen b o th  y ie ld s  were c o n s id e re d  on a  p e r  lumen b a s i s ,  th e  
e f f i c i e n c y  o f  th e  l i g h t s  ap p eared  q u i te  d i f f e r e n t  (T ab le  28 and 
T ab le  29 C. and D., and F ig u re  18 and 19); t h a t  i s ,  re d  p lu s  b lu e  was 
found m ost e f f i c i e n t ,  red  a lo n e  n e x t ,  th en  b lu e ,  and th e  fo llo w in g  in  
d e c re a s in g  o r d e r :  b lu e  p lu s  p in k , re d  p lu s  in c a n d e s c e n t ,  re d  p lu s  p in k , 
blue plus in c a n d e s c e n t ,  in c a n d e sc e n t a lo n e  or p in k  plus in c a n d e s c e n t ,  
blue plus vjarm w h ite ,  red plus warm w h ite , pink, warm white, warm w h ite  
p lu s  in c a n d e s c e n t ,  p in k  p lu s  wann w h ite ,  re d  p lu s  g re e n , y e llo w , and 
green. The y ie ld s  w ith  re d  p lu s  b lu e  w ere s i g n i f i c a n t l y  g r e a t e r  th a n  
th o s e  v jith  e i t h e r  re d  o r  b lu e  a lo n e ,  When b lu e  was m ixed w ith  e i t h e r  
p in k  o r  warm w h ite ,  th e  y i e ld s  w ere s i g n i f i c a n t l y  g r e a t e r  th a n  th o s e  w ith  
re d  m ixed w ith  e i t h e r  p in k  o r  warm w h ite .  A lthough  th e  o rd e r  o f  th e  
l i g h t  qualities in  te rm s o f  e f f i c i e n c y  was established, th e  mean d i f ­
fe re n c e s  among th e  y ie ld s  w ith  c e r t a i n  co m b in a tio n s  o f  l i g h t s  w ere n o t
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Figure 17. Effects of light quality on mean
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Figure 18. Effects of light quality on mean
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Figure 19. Effeots of light quality on mean
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statistically significant (Table 29) according to the shortest signifi­
cant ranges. Wien light qualities used alone (unmixed) were compared, 
the yields obtained were greatest wi.th red, next greatest with blue, 
third with incandescent, fourth with pink, fifth with warm white, sixth 
with yellow, and least with green. This also agrees with the earlier 
results obtained in the preliminary experiments with these light qualities 
at a constant intensity. The above findings, in general, agree with 
results obtained by Dunn and Went (23) on tomato seedlings, and those 
obtained by Fuller (2h) on lettuce plants.
The results indicate that the warm white light is the most 
efficient in production of dry weight of pods and number of seeds, when 
plants are grown under equal numbers of lamps at the same level, with 
other environmental conditions being the same. The effects of the -sdiite 
light are perhaps due to its spectral uniformity of wave lengths^  in the 
visible portion and its relatively high intensity, as shown in the 
appendix and Table 27® However, the actual efficiency of the lights 
in terms of units of intensity is always groatost ivith red and blue, 
vAille that of green is least in both oasesa In fact, the efficiency of 
red light may be greatly reduced by adding green to it. In many cases, 
the addition of a certain amount of incandescent to fluorescent light 
(Table It) seems to increase the yields beyond those with any other light 
combination or single quality, A definite explanation of the effects 
of incandescent light is unknown, but, according to Dunn and Went (23), 
the effects are probably not due to its far-red or infra-red portions, 
but to other physical factors® Combinations of red plus blue and blue 
plus pink light are very efficient in production* The growth of repro­
ductive organs in plants, in terms of both total dry matter and number
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of seeds produced, requires at least two different spectral qualities 
of light, one in red and the other in blue, for greatest efficiency, 
as was also stated by Went (66)*
Comparison of the yields at a similar intensity of the 15 dif­
ferent light qualities: Although evaluation of the efficiency of the
light qualities was accomplished by comparing the means of the dry weight 
of pods and number of seeds per plant and those per lumen, these data 
obtained under similar light intensity were not compared. Since the 
results with several different light qualities used separately in tho 
present test were very much in agreement with those obtained in the 
preliminary experiments presented earlier in this paper, the yields 
under as similar intensities as possible of the 18 different light 
qualities were collected to deteiitiine whether these data would also 
be in agreement with the results obtained with equal light intensities 
in the preliminary experiments. The most similar light intensities 
available with each quality are shown in Table 30 with the yields which 
respectively occurred with them. These light intensities ranged from 
11:0 foot-candles of red to 282 foot-candles of red plus green light*
The average intensity of the selection for all the qualities was ap­
proximately 2Sk foot-candles.
In spite of the fact that there was considerable difference in 
intensity among the different light qualities, the order of the 
qualities, Wien arranged on the basis of greatest to least yield 
(Table 31), was very similar to the order of C, and D. of Table 29.
These values are closely allied to those for efficiency. Here again, 
the yields were considerably greater with red plus blue, red, blue, 
blue plus pink, and red plus incandescent etc., less with red plus
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Table 30.—  Effects of light quality at available similar intensity
on mean dry wei^t of pods and number of seeds per plant (30-day
test period)
Mean dry weight Mean number 
Light intensity of pods per plant of seeds 
Light quality________ in foot-candles
RI 21:6 1:72 1.95
RB 179 1:79 2 .0 8
R 11:0 1:33 1.70
¥I 279 92 0.1:5
RW 272 192 1.00
RP 277 330 1.55
BI 270 365 1.78
BW 271: 171: 0.80
B 230 1:1:3 2.08
I 235 281 1 .2 8
G 262 6 0.00
W 272 12L 0.68
PI 270 297 1.18
FW 192 60 0.35
P 261: 221 1.03
BP 260 396 2.25
Y 266 58 0 .3 0
RG 282 117 0.55
F value for mean differences in dry weight of pods per plant;
Quality - 15.26**, Replication - 3.70, Interaction (Q X R) - 6.69:
F value for mean differences in number of seeds per plant;
Quality - 26.33^, Replication - 9.60, Interaction (Q X R) - 2o35
green, warm white plus incandescent, pink plus warm wfiite, and yellow, 
and least with green light. The differences in the mean yields were 
highly significant (Table 30).
Since the yield per lumen is that per unit of light energy, 
the effects of the relative efficiencies of the light qualities on the 
yields is perhaps always in the same sequence as in Table 31 Â. and B. 
when equal light intensity of light qualities is provided, and no satu­
ration light intensity occurs.
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Figure 20. Effects of light quality at
available similar intensity on mean dry
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CONCLUSIONS
This series of experiments has shown that dwarf pea, Pisnm 
sativum L« cultlvar "Little Marvel," was very suitable as a test plant 
in the study of effects of light intensity and quality in the reproduc­
tive phase of growth.
The preliminary experiments revealed that the response of the 
plants in the reproductive phase to light quality was closely parallel to 
that of the plants in the vegetative phase. The results also indicated 
that the response of the plants in mean dry weight of pods per plant was 
very similar to that in mean number of seeds per plant, and the same was 
true in yield per lumen in both cases.
As far as the effects of single light qualities are concerned, 
the mean dry weight of pods and number of seeds per plant were greatest 
with red, next greatest with blue, third with pink, fourth with warm 
white, fifth with yellow, and least with green when the light intensity 
of all these qualities ifas similar. However, the highest yields tfere 
obtained with warm vAiite when the numbers and levels of the lamps were 
equal and with maximum intensities obtainable. Blue was then found to 
give the next greatest yields, followed, in decreasing order, by yellow, 
pinic, and i-ed or green light. The light intensities obtained from these 
qualities were greatest vrith yellow, and next greatest with green, warm 
white, blue, and pink, in that order. This indicated that the efficiencies 
of yellow and green light are very low even wtien their intensities are 
higher than those of the other lights tested, When both yields were 
expressed on a per lumen basis, the order or sequence of the light 
efficiencies was found to be exactly the same as that when the yields
117
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were obtained under these light qualities at similar intensities®
Results from the experiments with three different environmental 
conditions (nutrient levels, growth periods, and photoperiods, etc.) 
under equal light intensity also showed that red light was most effici­
ent in production of dry weight of pods and number of seeds, with blue 
being next, followed, in decreasing order, by incandescent, pink, warm 
white, yellow, and green light. However, warm white at high Intensity 
was found to be much more efficient than red. This indicated that the 
increase in the yields was dependent not only upon light quality, but 
also upon the intensity of these qualities.
No definite picture of the light-saturation curves for either 
incandescent or fluorescent lights was obtained from the results with 
either the vegetative or the reproductive phases of giowthj saturation- 
light intensity for the plants with these light qualities probably is 
beyond the highest intensities applied. In general, the yields increased 
with the light intensity. As intensity of these light qualities in­
creased, the yields per lumen generally decreased. An exception was 
noted at certain lower light intensities, with which yield per lumen 
increased with intensity to a limited extent.
The kind of incandescent lamp used was found to have no effect 
on the light efficiency in terms of mean dry weight of pods and number 
of seeds, both per plant, and per lumen.
The Sylvania VHO fluorescent lamps were found to be much better 
sources of light for obtaining high light intensity and yields than the 
General Electric slimline fluorescent lamps. Among the various kinds 
of lamps tested, the light from the VHO-red resulted in the greatest 
yield when the mean dry weight of pods and number of seeds per plant were
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tallied. The next greatest yield occurred with VHG-cool white, and 
the least with GE-red. However, the order of the light efficiencies 
was quite different when the above data were converted to the yields 
per lumen. Then the greatest yields occurred with Œ-red and GE-red 
plus blue, the next greatest with GE-blue, VHO-cool white, GE-cool 
white, and GE-warm white, in that order. The latter three have 
relatively high intensities, whereas GE-red and blue have lower In- 
tensities, Thei^foi^, a lower intensity of each light quality is 
theoretically more efficient in production than a higher intensity, if 
light saturation does not occur.
Among the 18 different light qualities tested, the greatest mean 
dry weight of pods and number of seeds per plant >jere obtained with 
either warm white plus incandescent or warm white light alone, the next 
greatest with blue plus incandescent, and the least with green light.
It is noteworthy that the addition of incandescent to fluorescent lamps 
increased the yields over those with either of these lanç>s alone.
Single Cunmixed) applications of light qualities showed that the 
greatest yields I'jere obtained with warm white, and lesser yields from 
blue. Incandescent, yellow, pink, red, and green light in that order. 
These results agreed rather closely with those obtained in the pre3.1ml- 
nary experiments.
For all of the 18 different light qualities tested, the greatest 
mean dry weight of pods and number of seeds per plant per lumen were 
obtained with red plus blue, the next greatest with red alone, the least 
again with green light. Single application of light qualities (unmixed 
colors) showed that the greatest yields were obtained with red, and those 
obtained with blue, incandescent, pink, warm #iite, yellow, and green
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following in that order, These results also agreed fairly well with 
those obtained In the preliminary experiments. The yields obtained 
under similar intensities of these light qualities indicated geimral 
agreement with the above results.
The results in the study of light intensity were somewhat dif­
ferent from Dunn and Wont's results (23) with tomato seedlings, although 
in agreement with Fuller's results (2h) with lettuce plants at different 
growth stages. However, the results in the study of light quality, in 
general, agreed with those obtained by Dunn and Went (23) and Fuller 
(24) with different stages of growth in other plants.
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APPENDIX
ANALYSIS OF VARIANCE MODELS AND THE METHODS OF 
DETERMINING THE SIGNIFICANCE OF THE DIFFERENCE 
BETWEEN MEANS
Presented below is an illustration of the form of the txro differ­
ent analyses of variance models used to analyze data in the thesis.
The illustration of the first model (Model 1.) includes the computations 
f o r  the a n a ly s i s  o f  v a r ia n c e  and f o r  th e  l e a s t  significant d if f e r e n c e  
of light intensity means. The illustration for the second  model 
(Model 2.) gives ttie computations involved for this model, and for a 
multiple range test of light quality means. The data used in the illus­
trations have not been previously used in the thesis.
I ,  Form o f  a n a ly s i s  o f  v a r ia n c e  u sed  to  t r e a t  d a ta  t e s t i n g  th e  e f f e c t  
o f  d i f f e r e n t  l i g h t  i n t e n s i t i e s  on mean d ry  w e ig h t o f  pods p e r  p l a n t ,  
mean number o f see d s  p e r  p l a n t ,  mean d ry  w e ig h t o f  pods p e r  p la n t  
p e r  lum en, and næan number o f  s e e d s  p e r  p l a n t  p e r  lum en, w ith in  a  
g iven  l i g h t  q u a l i t y .
a) Data (dry weight of pods per plant in milligrams)s
Replicate 1 Replicate 2
2  ^ g g ^  = —14 2 3 4 5 6
72 245 536 658 605 695
144 323 440 568 492 633
175 422 400 735 528 686
138 347 328 576 717 587
98 334 423 562 695 692
137 264 367 559 672 670
136 285 355 523 706 600
88 325 396 470 688 660
T: 459 1205 1543 2114 2761 2622
Ts10704 T:11050
Grand total:21754
a - 1... Low intensity, 6,., High intensity
b) Computations involved in analysis of variance:
Correction factor (CF) ® 11787615/48 =» 986l8l4 
Total SS (sura of squares) = 11787615 - CP =» 1925801 
Replication SS = 23672349/24 -  CF - 2451
126
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Intensity SS - (988)2 ^ (2542)^ *  (3247)^ + (4651)^ ♦ (5103)^ (5223)2
- CF - 92948317/8 - CF » 1756725
Interaction SS between the replication and intensity (R x I) * 
46675355A - CF - 1759176 - 47849
c) Analysis of variance (Model 1.) used for testing effect of difference
in light intensity on four biological traits;
MS FSource df^ SS
Total SS 47 19258ÔÏ
Replications 1 2451 2451 0.26
Intensity 5 1756725 351345 36.71**
Interaction (R x I) 5 47849 9570 2.90
Error 36 118776 3299
** Significant at the 1.% level,
a - df,.... degrees of freedom 
SS..... Sum of squares 
MS..... Mean square 
F  F value
d) Calculation of the least significant difference (L.S.D.) for intensity 
means;
L.S.D. " / 2 X interaction iMS/number of observations
X tg^Q^ with 8 degrees of freedom 
L.S.D. » / 2 X  9570/ 5 X  2.306 » 112.81
e) Example of method of presenting in the thesis the F values and L.S.D.
from the "Model 1." analyses testing the effects of different light
intensities on ja given biological trait;
Light quality
F value 
Replication Intensity Interaction 
(R X I) L.S^D.
Given quality 0.26 36.71** 2.90 112.8
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II. Form of analysis of variance used to treat data testing the effect 
of different qualities on mean dry weight of pods per plant, mean 
number of seeds per plant, mean dry weight of pods per plant per 
lumen, and mean number of seeds per plant per lumen. In this 
illustration data from only four light qualities are shown. In 
conqparable analyses presented in the thesis, more than seven dif­
ferent qualities are considered.
a) Data (dry weight of pods per plant in milligrams);
1. Mean dry weight of pods per plant in one container;
Replicate 1 Replicate 2
Quality
Intensity
(fc)s 1^ 2 3 4 1 2 3 4
A 272 98(: 137 136 88 72 144 175 138
520 334 264 285 325 245 323 422 347
724 423 367 355 398 536 440 400 328
938 562 559 523 470 658 568 735 576
1130 695 672 706 688 605 492 528 717
1310 692 670 600 660 695 633 686 587
B 279 22 56 37 67 l4o 113 135 164
476 246 250 255 250 290 308 280 340
659 358 462 314 445 495 440 482 572
800 387 490 627 556 618 628 615 584
1039 662 520 511 663 769 590 698 679
1280 799 698 710 528 867 758 808 736
C 296 118 132 125 144 122 166 110 153
578 298 270 257 406 282 268 364 402
813 434 364 429 494 518 492 392 513
1040 625 666 690 687 511 655 403 497
1260 854 710 615 650 738 718 827 662
1440 485 782 640 590 843 930 760 641
D 95 46 88 55 47 21 0 25 42
137 165 215 95 215 147 l46 143 137
196 238 240 200 274 169 220 130 200
235 245 261 267 314 228 332 325 277
372 285 335 359 236 346 317 402 295
S69 S U 4 M S31 52S W 579
a - Foot candles 
b - Container (note; 98 * 137 ■i- 136 + 88 = 459).
c - Mean dry weight of pods per plant from plants in one container 
holding five plants.
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2. Mean dry weight of pods per plant in four containers;
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Quality Replication 1& 2
Intensity 
3 4 5 6 Total
A Replicate 1 459^ 1205 1543 2114 2761 2622 10704
Replicate 2 529 1337 1704 2537 2342 2601 11050
Total 2542 3247 465i 5103“ 5223 21754
B Replicate 1 182 1001 1579 2060 2356 2735 9913
Replicate 2 552 1218 1989 2445 2736 3169 12109

























D Replicate 1 236 690 952 1087 1215 2155 6355
Replicate 2 88
Ï2S3
719 1162 1360 2158 6060
Total "354 Î5?ï 224"9 2575 4313 123^






4127 5795 7929 9161 10009 
6327 8210 9383 11122 




a - 1«., Low intensity, 2,,, High intensity
b - A figure in this table is the sum of the mean dry weight of pods 
per plant in four containers.
b) Computations involved in analysis of variance;
Correction factor (GF) = 6339822129/48 = 132079628
Total SS (sum of squares) = 169120171 - CF = 37040543
Replication SS - 3173800325/24 - OF = 162049
Quality SS - 1661837329/12 - GF = 64068l6
Intensity SS = 1280980799/8 - CF = 28042972
Interaction SS between the replication and quality (R x Q) ™ 
833563785/6 - CF - 658865 - 278805
Interaction SS between the replication and intensity (R x I) ® 
641418151/4 - CF - 28205021 = 69888
Interaction SS between the quality and intensity (Q x I) - 
335980001/2 - CF - 34449788 - l46o585
Interaction SS among the replication, quality, and intensity 
(R X Q X I) - 37040543 - 36421119 - 619424
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c) Analysis of variance (Model 2.) and for testing effect of difference
Source df SS MS F
Total SS 47 37040543
Treatments:
Replications 1 162049 162049 1.74
Quality 3 64o68l6 2135605 21.93*
Intensity 5 28042972 5608594 57.60**
Interactions ;
R X Q 3 278805 92935 2.25
R X I 5 69888 13978 0.34
Q x l 15 1460585 97372 2.36
R X Q X I 15 619424 41295
* Significant at the level. 
** Significant at the 1^ level.
Quality; Tabular F @ 5^ “ 9.28 with 3 and 3 df.
Intensity; Tabular F @ 1^ = 4*56 irith 5 and 15 df.
d) Example of method of presenting in the thesis the F values from the 
"Model 2." analysis testing the effects of various light qualities 
on four different biological traits;
df; Total - 47, Quality - 3, Intensity - 5j Replication - 1,










Mean dry weight 









The same manner for B., G., and D.
F value for mean differences in dry weight of pods per plant;
Quality - 21.93*, Intensity - 57.60**, Replication - 1.74, 
Interaction; R x I - 0.34, R x Q - 2.25, Q x l -  2.36
* Significant at the S% level.
** Significant at the 1^ level.
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e) Multiple range test (see Duncan; 21) for quality means;
Standard error of "interaction" (Qxl) * /97372/12
=  90.10
The shortest significant ranges ($% level) according to the 









90 X 3.08 90 X 3.23 90 x 3.33
 5     Jl-----
(p = a figure signifying the interval between the two 
specific means which ai-e being compared in the array of 
means. Division by 4 because data were obtained in each 
case from 4 containers)
That is,
69.4 72.8 75.0
The shortest significant ranges (SSR) for mean differences among
(4)
75.0
light qualities A, B, C, and D are;
P: (2) (3)
SSR; 69.4 72.8
Light quality; C B A
Mean; 489 459 453
Underscoring! smallest mean)
(Underscoring: Any two means both underscored by the
same line do not differ significantly* otherwise 
any two means are significantly different)
The results of the range test above may be interpreted as 
follows; Quality means C, B, and A each differ sigpificantli'^  
from quality mean D at the 5% level. Quality iffôans C and B,
C and A, and B and A do not differ significantly from each 
other.
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